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CHAPTER 1

INTRODUCTION

Since 1980, NASA has been collecting data on thunderstorm and lightning

environments by flying an instrumented F106B aircraft into thunderstorms. The

program has been increasingly successful in that more direct lightning strikes to the

aircraft and more sensor data have been recorded as the program progressed. This

report concentrates on the analysis of the data recorded from the F106B, and on the

development and application of analytical tools designed to better analyze that data.

The basic mathematical model utilized throughout the work reported here is the

three dimensional, time domain, finite difference model. This model, documented in

detail in previous reports [1,2], finite differences Maxwell's equations in a three

dimensional cartesian grid to solve transient and static electromagnetic problems. The

finite difference "block" model of the F106B is shown in Figure 1.1, along with relevant

sensor locations. The spatial resolution in the model is one meter in the direction

along the fuselage, and one-half meter in the other two coordinate directions. The

temporal resolution, required by the Courant condition, is one nanosecond.

Throughout this report, the basic finite difference model has been modified and

enhanced in various ways. The addition of thin wires to simulate lightning channels,

air chemistry for calculating nonlinear air breakdown, and a subgrid to model sharp

points of the aircraft in greater detail, all increase the capabilities of the basic model.

Following this introduction, Chapter 2 concentrates on the direct interpretation

of the inflight sensor data, including categorization of the entire 1983 data set.

Chapter 3 develops a linear approach to triggered lightning modeling, using frequency

domain transfer functions. In Chapter 4, the concepts developed in Chapter 3 are

applied to a particular multi-sensor lightning event, with emphasis on the lightning

channel impedance. Chapter 5 presents a continuation of the nonlinear parameter

study of triggered lightning on the F106B, concentrating on "skewed" angles between

the electric field vector and the principal axes of the aircraft. In Chapter 6, the

nonlinear air chemistry model is used to determine the response of the F106B to a

large current lightning strike, presumably a cloud to ground return stroke. Chapter 7

explores the response of aircraft other than the F106B to a triggered lightning strike.

The other aircraft include a C130 transport, which is similar in shape to a commercial
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aircraft. Enhancements to nonlinear air chemistry modeling are presented in Chapter

8. The addition of a temperature dependent electron avalanche rate and molecular

vibrational energy states are documented there, and the enhanced model is applied to

a particular two dimensional object. Final testing of the subgrid, which allows

increased spatial resolution in selected portions of a problem space, and its first

application to the nose of the FIO6B are presented in Chapter 9. Chapter 10

documents a literature search of the thunderstorm environment, focusing on the

particles present in a thunderstorm. The field enhancement effects of typical ice

crystals are calculated in Chapter 11. Chapter 12 presents a summary and

conclusions. Computational results are provided in the appendices.
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CHAPTER 2

DATA INTERPRETATION

2.1 Introduction

The data collected on the NASA F106B Lightning Research Aircraft during

the 1983 season is presented in Appendices A and B. Appendix A contains D-clot

forward data records and Appendix B contains B-dot longitudinal records.

In all, some 368 time domain records were available for analysis from the

1983 season. Of these, 161 were D-dot forward and 207 were B-dot longitudinal

sensor records.

2.2 Data Classification

In a continuing effort to identify trends in in-flight lightning measurements,

the D-dot and B-dot data have been classified into categories according to

waveshape. The categories are intended to highlight waveforms with similar behavior,

which may be indicative of similar physical phenomena. Descriptions of the eleven D-

dot and eight B-dot categories are given in Table 2.1, along with the number of

waveforms in each category. In addition, the number of waveforms in each category

from the analysis of the 1982 data are presented. These waveforms were classified in

a previous report [3].

It should be noted that the last three D-dot and the last two B-dot categories

are new, representing waveshapes not seen previously. On a percentage basis, the

1983 data also does not distribute among the categories in the same manner as the

1982 data. This could be due to the evolutionary nature of the aircraft sensor

recording system or varying flight patterns between seasons. In fact, Category 11, the

predominant category for the 1983 data, may be simply a variant of Category 6, a

primary category from 1982.

The data falls into the previously identified categories quite well. The

"double-hump" structure of the F106B aircraft signature identified by Trost, et al.,

[unpublished report on NASA Grant NAG-I-28, August 1985], from the 1981-82 data,

is visible throughout the 1983 data as well.
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TABLE 2.1 Waveshape Categories for Data Classification

)

D-Dot

1.

2.

.

4.

5.

6.

°

8.

9.

10.

11.

Category 1983 1982

Slow positive, then negative, bipolar pulse 6

Double bipolar pulses separated by ~ 200-400 ns,

initially >0, with J"I_ dt = 0. 6

Single negative pulse with little structure 4

Bipolar pulses, first negative, then positive 0

Fast Bipolar pulses, initially positive 24

Initial large fast pulse with much structure and having a
late time tail, mainly unipolar 4

Simple unstructured positive pulse 12

Miscellaneous 4

Multiple events. 3-5 fast initially positive bipolar pulses
separated by 200-400 ns. Much structure 5

Slow, low structure, negative unipolar pulse, with fast
negative spike 3

Multiple fast unipolar pulses, arranged in a triangular shape

-1 p.s wide at the base. Usually preceded by or including a
fast bipolar pulse 30

35

11

15

3

21

24

6

8

0

0

5



TABLE 2.1 Waveshape Categories for Data Classification
(continued)

B-Dot

1.

2.

:3.

.

5.

6.

7.

8.

Category 1983 1982

Initially positive pulse with much later time structure

Slow positive and negative half cycles, usually small

Initially positive single cycle followed by low amplitude
structure

Unstructured single positive cycle

Single negative slow pulse

64

3

43

2

6

Fast double pulses, separated by 200-500 ns, initially positive 31

Fast monopolar negative pulse, followed by low structure tail

Fast monopolar negative pulse, followed by high structure
and a fast bipolar pulse, negative-positive, after
200-750 ns. 6

12

7

1

15

5

3

19

0

0

6



2.3 Simultaneity

In order to further identify trends seen in the data collected on the F106B

Lightning Research Aircraft, an analysis has been performed to determine simultaneity

between the D-dot forward and B-dot longitudinal sensor records. Simultaneous data,

recorded not only on the same trigger, but also at nearly the same time on the record,

provides an opportunity to more accurately find correlations between the experimental

and analytical data.

Eighteen pairs of D-dot and B-dot records have been identified as probably

simultaneous. The pairs were evaluated for simultaneity based on timing, structure

and level. These pairs are presented as Figures 2.1 - 2.18.

Of these pairs, one event from Flight 83-013 has been found to show a high

degree of structural similarity to the results of a run from the nonlinear skewed angle

parameter study. Overlays of these data are presented in Figures 2.19 and 2.20. In

order to accelerate breakdown in the nonlinear code, reasonably high initial electric

fields were imposed on the problem. As a result, the magnitudes of the resultant

wavefcrms are somewhat higher than those of the experimental results, but the

structure is retained. Assuming that a X, Z incidence on the aircraft produces a nose

attachment and a tail detachment in the nonlinear model, it is concluded that this event

from Flight 83-013 resulted in a similar attachment.

If this conclusion is extended to the data classification performed earlier

(section 2.2), it is possible that all Category 5 D-dot forward waveforms and Category 3

B-dot longitudinal waveforms resulted from a nose attachment - tail detachment

lightning stroke.

Although the database is small, some other possible conclusions may be

drawn from the simultaneous data. A possible correlation may be seen between D-dot

Category 11 and B-Dot Category 6. In addition, a relationship may exist between D-

dot Category 5 and B-dot Categories 1 and 3. This last correlation seems to be

supported by the comparison made with the nonlinear model above.

(Text continued on page 28)
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2.4 Analysis of D-dot Peak Ratios

The F106B carries three D-dot sensors, under the forward part of the

fuselage, under the left wing, and on the left side of the vertical stabilizer. During the

1984 thunderstorm season, all three of these sensors were active. The ratios of the

peak responses of these sensors is of some interest, in that the ratios should be

indicative of attachment points. The ratios also allow better comparison to calculated

responses, because the amplitude information has been normalized away. Hence

ratio comparisons can be used to determine possible ambient field orientations for

triggered lightning events. This can be done by comparing measured ratios with

calculated ratios found from nonlinear triggered lightning parameter studies.

Part of the motivation for the analysis is the persistent large ratio of the D-dot

forward to D-dot tail response which is usually seen in the measured data. The large

ratio can also be found in some of the calculated responses, but much less frequently.

The reason for this discrepancy is somewhat unclear, but two possibilities are most

probable. The first and less likely possibility is that the calibration of the D-dot tail

sensor on the F106B is inaccurate. However, the calibrations are performed

repeatedly and are unlikely to be consistently wrong. The better possibility is that

there is some inaccuracy in the finite difference model of the F106B. This in fact was

found to be the case. It was discovered that the location of the D-dot tail sensor about

halfway up the vertical stabilizer was incorrect. In actuality, the sensor is located near

the base of the tail where the presence of the fuselage can act to reduce the level of

the D-dot tail sensor. Hence, the calculated ratios involving D-dot tail are undoubtedly

smaller than they should be. This deficiency in the model has been corrected for

future work.

In order to compare ratios of all three D-dot sensors, multi-sensor

simultaneous data must be used. The 1984 data records are the only records which

meet this criterion. As of this writing, eight multi-sensor events were available. The D-

dot records from these events were used to create Table 2.2. The ratios were

calculated by using the amplitude of the first major peak in the record without regard to

sign.
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TABLE 2.2

Measured D-dot Ratios

Event D-dot Fwd/D-dot LW D-dot Fwd/D-dot Tail

84-01 7 1.42 5.44
84-014 1.33 3.92
84-015 (1) 1.65 6.91
84-015 (2) 1.5 ---
84-015 (3) 1.37 4.68
84-028 (1) 1.2 3.75
84-028 (2) 1.25 5.00
84-028 (3) .68 2.00

In Table 2.2 under the event column the flight number is listed first. If there

was more than one trigger during a flight, the number of the trigger is added in

parentheses. Note especially the consistency of the ratios, with the exception of the

third trigger on Flight 84-028. This leads one to believe that the events were similar in

the sense that initial attachment was in almost the same location. Also note that the

D-dot forward over D-dot tail ratio is quite large. This is a characteristic that appears

frequently in the measured data, but much less frequently in the parameter study to be

presented later. Table 2.3 shows the D-dot forward to D-dot tail ratios calculated from

the principal angle of orientation parameter study presented in a previous report [4].

This parameter study analyzed the F106B response to triggered lightning with the

ambient electric field oriented along principal axes of the aircraft: nose to tail (N-T), tail

to nose (T-N), left wing to right wing (LW-RW), right wing to left wing (RW-LW), top to

bottom (T-B), bottom to top (B-T). Also varied was the net charge on the aircraft, in

units of Qm, where Qm is the amount of charge necessary to produce air breakdown on

the aircraft in the absence of any ambient field (Qm = 1.79 mC).

Table 2.4 presents the same data for the calculated D-dot forward to D-dot

left wing ratios.

The circled numbers in each of the Tables 2.3 and 2.4 compare favorably to

those which have been measured. It is immediately apparent that locations of circled

numbers in the two tables do not coincide. Hence none of the elements from the

principal angle parameter study reproduce the ratios from the measured data.
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Table 2.3

D-dot Forward to D-dot Tail Ratio For Principal Angle Parameter Study

_e 0

Orientation_,_

T-N

N-T

RW-LW

LW-RW

B-T

T-B

•5Qm "'5Qm Qm "Qm

Q,:@ o,,Q ,,,
@o_,@ oo,G

1.00 0.90 1.00 1.28 0.92

0.810.791.130.951.24

0.29 0.28@ 0.32@

0.43@0.32@0.58
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Table 2.4

D-dot Forward to D-dot Left Wing Ratio For Principal Axis Parameter Study

e 0

T-N

•SQm!"5Qm Qm "Qm

6.36 6.35 G 6.40 0.84

N-T 4.06 (_ 4.64 O 4.71

RW-LW Q (_ 0.66 Q 0.59

LW-RW 0.42 0.43 (_ 0.57 Q

B-T GG 4.29 (_ 3.93

T-B G 5.89 (_ 5.38 Q
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A skewed angle of orientation parameter study has also been partially

completed, and is described in detail in Chapter 5. The D-dot ratios calculated from

that study are shown in Tables 2.5 and 2.6. The notations for the orientation of the

field are described in the preface to Appendix D, but basically refer to axis of the

aircraft along which a component of the field is present. The axes chosen for this study

are shown in Figure 1.1.

The circled items in the two tables again represent cases which correspond

roughly to measured values. Note that this time, there are two circled cases which are

colocated in each table. These two cases are doubly circled in the tables. They are

possible candidates for the ambient field orientation and net charge present for the

measured lightning events. Of course, this cannot in any sense be considered

definitive, as there are many possible sources of error, and also other possible

parameter variations. It should be considered, however, as worthy of further

investigation.

It is significant to observe that the nonlinear parameter study with principal

axis E fields did not produce the observed D-dot ratios, but that the ratios were

observed for skewed angles. This fact emphasizes the nonlinear behavior of the

response and its sensitivity to details of the initial conditions. Thus, the nonlinear

parameter study should be continued to include more variety in the initial conditions.
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Table 2.5

D-dot Forward to D-dot Tail Ratio For Skewed Angle Parameter Study

_.__.argl_

Orientatio_,h,,

X,Y

X_-Y 1.03

-X,-Y _ 0.71

X,Z 0.92 1.00

-X,Z 0.720.69

1.08

0.74

X,-Z 0.79 0.92 1.34

-x,-z  .o3 o.sa 0.93

2.41 0.82

3.37

0.24

-Y,Z

Y,-Z

-Y,-Z

X,Y,Z

-X,Y,Z

0.79

0.40

X,-Y,Z 1.37 1.01 1.18

X,Y,-Z 3.14 3.50 (_

-X,-Y,Z 0.96 0.70 0.83

3.14 3.50

0.61

0.24

-X,Y,-Z

X,-Y,-Z

-X,-Y,-Z

1.33

0.89
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Table 2.6

D-dot Forward to D-dot Left Wing Ratio For Skewed Angle Parameter Study

____arge

Orientatio'_

x,Y

-X,Y

X,-Y

-X,-Y

X,Z

-X,Z

X,-Z

-X,-Z

Y,Z

-Y,Z

Y,-Z

-Y,-Z

X,Y,Z

-X,Y,Z

X,-Y,Z

X,Y,-Z

-X,-Y,Z

-X,Y,-Z

X,-Y,-Z

-X,-Y,-Z

0

3.75

3.57

4.15

1.05

0.44

0.41

4.36

-.5Q m "Qm

4.62 4.39

4.50 4.39

0.95 0.93

0.26 0.27

1.00 4.44

0.42

0.96

0.58

4.35

0.30

4.35

2.56 4.52 0.56

4.29 3.06 4.58

5.98 1.08

4.05 4.17 4.28

4.05 4.46 4.28

0.98 1.03

3.29 3.18 4.26

0.35 0.34 0.29

3.14 3.09 4.32

6.07 0.40 0.29
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CHAPTER 3

LINEAR MODELING USING TRANSFER FUNCTIONS

Nonlinear lightning modeling, although more physically complete than linear

methods, is costly and time-consuming. It is therefore quite useful to develop linear

modeling techniques which allow one to investigate certain aspects of the lightning

event without resorting to the complexity of a nonlinear model. One such technique is

the use of transfer functions to determine the lightning current which caused a given

set of measured electromagnetic responses on the F106B aircraft. The transfer

function is a functional relationship in the frequency domain between a source function

and a response function. The use of a transfer function requires that the system under

consideration be linear. This requirement is satisfied by a linear finite difference code,

but is, of course, not satisfied by a real lightning-aircraft system. The justification for

using the transfer function technique is that the nonlinearity in the real system is

confined mostly to the lightning channel itself. The electromagnetic responses on the

aircraft are quite often approximately linear functions of the lightning current which

flows onto the aircraft at the lightning attach point. That is, although the formation of

the lightning channel, its evolution, and the lightning current are complicated nonlinear

functions of geometry and initial conditions, the aircraft responses usually depend in a

linear fashion only on the current at the attach point.

There are a number of assumptions which must be made when using the

transfer function technique. These are discussed individually below.

(1) Lightning Attachment Locations Must be Known

These locations constitute part of the initial conditions and as such are

necessary to define the problem. In addition, the attachment locations cannot change

with time (e.g., swept stroke), as this violates the conditions for linearity. Also, if there

are multiple channel attachments, only one of these can act as a source, while the

others just drain charge from the aircraft. Although having more than one source does

not violate linear constraints, the problem no longer has a unique solution if more than

one source is involved.
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(2) R_lative Formation Times of Multi Die Channels Must Be Known

Because it is likely that exit channels for lightning current form later than

entry channels, it is necessary to have knowledge of their formation times. In a sense,

these channels which appear during the course of a problem constitute boundary

conditions which change with time. This does not violate the linearity requirement as

long as the formation times are fixed and do not vary with the time evolution of the

problem. For all the transfer function analysis presented in this report, all lightning

channels, both entry and exit, are in place at the beginning of the problem. That is, the

relative formation times are always assumed to be zero; all channels form at the same

time. This is done for simplicity because no information is available about relative

formation times in the observed lightning events on the F106B. For informational

purposes, it may be stated here that the formation times of exit channels may be

calculated using nonlinear techniques.

(3) Lightning Channel Geometry_ Should Be Known

Although less important than the first two requirements above, it is desirable

to know the orientation of the lightning channel with respect to the aircraft. This also

constitutes boundary conditions which can affect aircraft responses to some extent.

The responses are affected because electromagnetic radiation from current in the

channel also produces some response on the aircraft, in addition to the current which

flows onto the plane. The contribution of the current is much larger, however, so the

channel radiation can be considered as a perturbation.

(4) Lightning Channel Impedance Should Be Known

Again, this is of lesser importance than the first two requirements, but can

affect the _inear relationship between source and response somewhat. The reason for

this is that the back effect of the aircraft on the lightning current is different depending

on the channel impedance. For example, a channel with infinite impedance is

completely unaffected by the presence of the aircraft. In this case, whatever current is

flowing in the channel is the current which is injected onto the plane, and reflections

and responses on the plane behave as if the channel were nonexistent. For any other

impedance, the response of the aircraft can affect the current in the channel, moreso

the lower the impedance. This, in turn, then alters the responses on the plane slightly.

Hence it is desirable to know the channel impedance as a boundary condition on the

problem. It is even possible to handle a time-varying impedance, as long as the
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variation is specified in advance, and does not depend on the evolution of the

problem.

The transfer function technique can be used either for triggered or natural

lightning. The distinction between the two here is that triggered lightning begins at the

aircraft and moves away, while natural lightning begins away from the aircraft and

moves toward it. Typical geometries for each of these cases are shown in Figure 3.1.

The case for natural lightning is shown in Figure 3.1a. A current channel having a

specified impedance and velocity of propagation is attached to the nose of the F106B.

The impedance and velocity of propagation are determined from the per unit length

inductance and capacitance of the channel, which are in turn determined from the
physical diameter of the channel. Therefore, in the linear model, the size of the

lightning channel determines all of its electrical properties. The attachment to the nose
depicted in Figure 3.1 is simply a concession to the point at which many lightning

strikes attach to the F106B. The model allows attachment at any point on the aircraft

and, in fact, allows multiple channels as long as there is only one current source in the
problem. The sole difference between Figures 3.1a and 3.1b is in the location of the

current source. For natural lightning, it is located at the edge of the problem space, as
far from the aircraft as possible. This is done in an effort to model the fact that the

initiation and driving forces for a natural lightning strike occur away from the aircraft,

and the lightning current propagates toward the plane. The current source in Figure
3.1b is located near the point where the channel attaches to the F106B. This models

the phenomenon of initiation at the surface of the aircraft with propagation outward.

The mathematics of the model are handled identically in the two cases. A
transfer function is determined from the Fourier transforms of the current source and

the response waveforms.

T(_) = R(_)/l(e}) (3.1)

Here T(Eo)is the transfer function in the frequency domain, R(e) is the Fourier transform

of the calculated response waveform, and l(Eo) is the Fourier transform of the current
source waveform. Because the model is linear T(e) is source independent; that is,

changing I will change R in such a way as to keep T the same. Note that there can be

as many transfer functions as there are separate responses on the aircraft. If there are
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N sensors on the aircraft, there will be N different transfer functions for a single current

source.

To determine the current source necessary to produce a given measured

response, the measured response waveform must be Fourier transformed. Then the

transfer function for the particular sensor is used to calculate the Fourier transform of

the current source necessary to produce the measured response.

I(m) = Rmeasured(e)/T(o_) (3.2)

The current is then transformed into the time domain. It can then be used in the linear

model as a check, to make sure the measured response is reproduced.

The transfer function technique is most useful in the events where multiple

simultaneous sensor responses have been recorded. Then several current sources

can be derived, one for each of the multiple responses. In principle, if the model

geometry chosen is correct, all of the current sources should be the same. This is

virtually never the case, however, for several reasons. First, the channel geometry

may be incorrect. Attachment points are usually determined by direct observation of

the strike, or examination of pit marks after a flight. If this information is unavailable,

ratios of sensor response amplitudes can be used to give a crude idea of attachment

locations.

In addition to the uncertainty of attachment locations, the presence of

multiple channels, and the timing of their appearance is often unknown. Also, the

orientations of the attached channels are uncertain. Even if the channel orientation

were known precisely, it would probably be difficult to model accurately if a significant

amount of bending or tortuosity were present. The electrical properties of the channel

are generally unknown, too, so an estimate must be made.

Another source for error in the model is the gridding of the F106B itself.

Because of the .5m x lm x .5m cell size, the aircraft cannot be represented in the

problem space to arbitrary precision. This results in slight differences between the

responses of the real aircraft and the model aircraft even if channel properties and
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attachment locations are known exactly. The differences are largest in places where

the grid resolution is most inadequate, such as wing tips, nose, tail tip, and sharp

leading and trailing surfaces. In most cases, the F106B sensors are located away from

these regions, but some inaccuracy is expected.

The procedure then, in view of these difficulties, is to calculate all of the

current sources for a given geometry, and then to analyze the differences found. If all

of the sources are similar, it may be that the geometry chosen is close to the physical

situation of the actual lightning strike. If large differences are present, the model

geometry must be changed significantly.

In practice, the derived sources are heavily dependent on attachment point

and much less dependent on all other factors. Hence, if the attachment point is

accurately chosen, it is very likely that the derived current sources will all be similar.

This is evidence that the aircraft responses are strong functions of the injected

lightning current, and weak functions of all other relevant parameters.

In Chapter 4, the analysis of real measured data using the transfer function

technique will be presented.
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CHAPTER 4

APPLICATION OF THE TRANSFER FUNCTION TECHNIQUE

The linear transfer function technique described in the previous chapter has

been applied in some detail to the multiple simultaneous data records from Flight 84-

017. The usable simultaneous records from that flight include D-dot forward, D-dot tail,

D-dot left wing, B-dot longitudinal, B-dot left wing, and current flowing onto the nose

boom. Examination of the records indicates that the strike (probably triggered)

attached at the nose of the F106B. The exit point for the current is more speculative,

and in fact, the exit channel may have appeared later in time. The measured time

domain records from the strike of Flight 84-017 are shown in Figures 4.1 a-f. The

relatively large value of the nose boom current is the reason that the strike is thought to

have initially attached at the nose. A similar current sensor attached to the vertical

stabilizer measured only noise during the event, so it is known that there was no

attached channel near that point, at least during the part of the strike while the sensors

were recording.

The linear model used to analyze this strike had a thin wire current channel

attached to the nose of the F106B. It extended directly outward along the fuselage line

to the boundary of the problem space. The current source was placed at the junction

of the channel and the model aircraft to simulate a triggered strike. No exit channels

were included in the model, because of uncertainty in their possible location and time

of appearance. Lightning channels with three different radii were used, 10cm, 5cm,

and lcm. The velocity of propagation of all the channels was kept at 3 x 108m/sec.

This is not necessary in principle, and it is certainly more reasonable physically to use

a slower velocity of propagation. However, the transfer function technique works

somewhat better for a speed of light propagation, because of requirements of the

linear finite difference code thin wire formalism. Because the aircraft responses are

largely dependent on the injected current at the attachment point anyway, the velocity

of propagation is not critical to the solution of the problem. In addition, two cases were

done with resistively loaded channels. These were done with transfer functions

calculated for the B-dot longitudinal sensor, and channel radii of 10cm and lcm. The

resistances per unit length investigated were 1 ohm/m, 10 ohm/m, and 50 ohm/m.
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For each of the current channels described above, a computer run of the

finite difference code was done using a current source with a sine squared waveform.

The source extended over one period of the sine squared, and was a pulse of 40

nanoseconds duration. The computer runs computed the aircraft responses at all of

the sensor locations. The computations were extended far enough in time so that all of

the sensor responses had decayed to zero. Next, transfer functions were calculated
between the current source and each of the calculated responses. This resulted in five

transfer functions per computer run, representing the linear relationship between the
current source and the three D-dot and two B-dot sensor responses for each channel

radius.

The next step was to transform the measured responses from Flight 84-017

into the frequency domain. The transformed responses were then divided by the

appropriate transfer functions to give frequency domain current sources which

presumably would reproduce a particular measured aircraft response. The current
sources were then transformed back into the time domain.

The last step in the analysis was to use each of the derived current sources
in the linear finite difference model of the aircraft and lightning channel. This was

done first to check the analysis, to make sure that the particular measured response for
which the current source was derived was reproduced by the model. Secondly, the

other calculated responses were compared with the measured responses. In

principle, if the model were physically accurate, these responses would also compare

favorably.

Because of the number of plots, the response comparisons are presented in

Appendix C. There, a set of six overlays is shown for each derived current source, of
which there are twenty-one. Each set of six plots is identified as to the channel radius

for which it applies, and the particular transfer function from which it was calculated.

Figures C.1-C.15 use a channel with zero resistance per unit length. Figures C.16-

C.21 specify the resistance used. The plots overlay the calculated aircraft response
with the corresponding measured response. The calculated nose boom current is also
overlaid on the measured current in each set. In addition, Figure C.22 overlays the

frequency domain measured and calculated waveforms for the case of a zero
resistance channel. This is the frequency domain analog of Figure C.1.
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Several things may be noticed from the data presented in Appendix C.

First, in any given set of overlays, the measured and calculated responses which are

expected to match exactly are quite close. Slight differences can generally be
attributed to a lack of frequency resolution in the discrete Fourier transforms used.

These differences tend to appear mostly in the amplitude of large peaks in the data

where better resolution at high frequencies is needed. Hence the technique is proven
to be working properly.

An important part of the analysis of the overlays in Appendix C is to compare
the waveforms in each set which are not forced to match by the transfer functions.

These give an indication of whether the physical model chosen for the strike is close to

being correct. Two criteria can easily be used for comparison, peak values and

waveshape. The comparison between peak amplitudes is obvious. Comparison of

waveshapes includes the start time of the record, the time it takes to die away, and the
time placement of major maxima and minima in the waveform. It also could include

the amplitude ratio between two peaks in a waveform.

In general, comparisons of waveshape in the overlays of Appendix C are

good. The onset times of all responses match with measured values, meaning that the
attachment point at the nose boom is correct. The decay times of calculated and

measured responses also match quite well. This indicates that the duration of the

current source has been accurately predicted. The time placement of major features in

the calculated and measured waveforms is also.good, indicating the same resonance
effects are active in the calculated and measured data.

The worst correspondence between measured and calculated data is

undoubtedly in the amplitude comparison. The calculated and measured responses

are usually at worst separated by a factor of two, except for the D-dot tail response.

For that sensor, the measured response is about four times smaller than the calculated

response except, of course, when the current source is chosen to reproduce that

response. When that current source is used, the other four sensor responses and the

nose boom current are well below the measured values. Hence, it appears that the

model chosen for this strike cannot match both the D-dot tail response and the other

responses simultaneously.

46



The reason for the large discrepancy of the D-dot tail sensor is at least partly
because of its location in the finite difference model. It was found late in the contract

work that the physical location did not correspond to its location in the model. The

physical location is near the base of the tail, while the model placed the sensor about

halfway up the tail. This change in location significantly affects the sensor's response.

A preliminary test to determine the difference was done using a 10 cm radius channel

with a 50 ohm/m resistance per unit length. The desired transfer function was

appropriate to reproduce B-dot longitudinal. Thus it was exactly the same case as

shown in Figure C.18, except for the altered location of the D-dot tail sensor. The

results showing measured response overlaid on both calculated responses, is given in

Figure 4.2. Note that the calculated response for the correct sensor location is much

closer to the measured response amplitude. Remaining differences can be attributed

to a lack of adequate resolution in the model at the point where the tail joins the

fuselage.

The best comparison of calculated and measured responses appears to be

when the B-dot longitudinal sensor is used to determine the transfer function. This is

probably because that sensor is located far from the current source and also away

from sharp points and edges of the aircraft. Hence the response is more dependent

on the aircraft structure as a whole and less dependent on local details. In terms of

channel radius, there is little to choose from among the models, except that the lcm

radius channel may give marginally better comparisons. It is noteworthy that in the

resistively loaded channels, there is virtually no difference between responses.

Figures 4.3 and 4.4 overlay the measured nose current and the calculated nose

currents for different resistances per unit length and different channel radii. Figure 4.3

is for the 10cm radius channel and Figure 4.4 for the lcm radius channel. In both

cases, the calculated currents are nearly identical, and the overlays cannot be

separated. This occurs because the linear model requires the same injected current to

produce the B-dot longitudinal response from which the currents were derived. It

implies that the interaction between the channels modeled and the aircraft is very

similar, regardless of channel resistivity.

In summary, the linear transfer function technique appears to work well

when the physical geometry associated with a lightning strike is known. For the strike

modeled here, all the measured sensor responses were well represented with the

47



1.20

rY"
w

w

ill
rY
CE

u_

CZ

_J
I----I

CE
F--

CD
r-_
I

r-_

.00

-2.60-

-5.20-

-7.80
.00

!

I
!

!

!

i • i

• o::

V
I

ii

I!

,, f" /, " ,,
!

S ; ; I 1 • _'_, s "_. .
I " " I I I .I

':!, /

I I ;

I

!

I

!
!

!

!

!

I
!

!

I

!

II

¢1
II

I!

II

I!
ii

I

.50

T IME [SEE] IX 1• E-06]

Figure 4.2 Overlay 5howlng Che Dlfference In Response
Be_veen _he Previous Location on _he Toll
[Incorrect] and _he New Loco_lon [Correcl]. The

So|Id Line Is _he Measured Da_a, _he gashed Llne

_he Response a_ _he Incorrec_ Location, and _he

Do_ed Line _he Response a_ _he Eorrec_ Location.

48



.00 __;i ii......

LN
Q_

OZ

Z
W
n_
n_

LJ

LO
LO

Z

-280 00

560 00

-840.00

.00 .50 1.00

TIME (SEE1 (X I.E-061

Figure 4.30verlag oF Measured and Calculafed Nose Currents
For _he Case of a 19 cm Radius Channel and

Reslsfances Fer UnI_ Lengfh oF ] ohm/m. ]9 ohm/m.
and 59 ohm/m. The Measured Dora Is fhe Solid

Line. Nofe Tha_ ehe Calculofed Responses gre

VIrfuallg Iden_Ica1.

49



.00

Lq
EL_

CE

F--
Z
Ill
CE
EE

LJ

Ill
Lfq
CZ)
Z

-210.00

-420.00

-630.00

/
/

--8_0.00 II I

"00 "50 1"00

TIME [5EC) IX I'E--06)

Figure 4.4 Overlay oF Measured and Calculafed Nose Currents
For fhe Case of a 1 cm Radius Channel and
Reslsfances Per Unl_ Lengfh of ] ohm/m, ]_ ohm/m,
and S_ ohm/m. The Measured Data Is the Solid
Line. Nofe That fhe Calculafed Responses gre
Virfually [denflcal.

5O



exception of the D-dot tail response. The failure at that sensor point is almost certainly

due to the error in the location of the D-dot tail sensor as mentioned earlier.

The significance of the linear model is that for the first time, six simultaneous

measured responses have been self-consistently reproduced numerically. The largest

difference, in the amplitude of the D-dot tail sensor, is greatly reduced by the corrected

location of the sensor. Hence, for the first time, a numerical explanation for the

responses measured during a lightning event has been achieved. That is, the attach

point and lightning current have been numerically identified. It should be kept in mind,

however, that only the relevant parameters of the strike itself have been determined,

and not the actual thunderstorm environment that caused the strike (e.g., ambient field,

net charge, etc.). A nonlinear model is required for that task.
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CHAPTER 5

NONLINEAR TRIGGERED LIGHTNING PARAMETER STUDY

The prevalence of triggered lightning strikes among the measured data

recorded on the F106B has been confirmed by direct observation [5]. The purpose of

this chapter is to report the progress in the ongoing effort to produce a catalog of

calculated aircraft responses to triggered lightning. The responses are calculated

nonlinearly by placing the F106B in a uniform static electric field oriented at a given

angle with respect to the aircraft. A specified net electric charge is also placed on the

aircraft. The static solution to Maxwelrs equations for this problem is constructed from

a basic set of solutions as described in a previous report [4]. A brief description of the

construction of the solution is presented here.

The static solution for the electric field distribution around a conducting

object can be found from a finite difference model. It is found by first specifying a

uniform field in a finite difference problem space with no object present. The

conducting object is then introduced into the space by slowly increasing the

conductivity in the part of the space that the object occupies. The conductivity is raised

slowly to avoid resonance effects associated with the size of the object. After the

object has become perfectly conducting, and all resonance behavior has died away,

the fields which remain are the desired solution. If this procedure is carried out with

the ambient field oriented along each of the cartesian coordinate axes, a general

solution for any ambient field orientation and magnitude can be obtained by

superposition of the three basic solutions. This can be done because the solutions are

each linear in character. If, in addition, the static solution for the object with a net

charge on its surface is obtained, then the problem of an object in a uniform field with a

net charge can be solved, also by superposition, by adding the charge solution to the

basic set of solutions.

The linear solution for the charged F106B in a uniform field is used as an

initial condition for the nonlinear triggered lightning model. The linearly enhanced

fields around sharp points of the aircraft produce corona and air breakdown

nonlinearly, and the currents flowing onto the plane are calculated by the nonlinear

model.
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A large parameter study has been undertaken using the technique just
described to catalog the nonlinear sensor responses on the F106B for various initial

conditions. The parameters varied in the study are the orientation of the ambient

electric field with respect to the aircraft and the net charge on the aircraft. In this

chapter are presented the responses from the "skewed" orientation angles; that is,

those angles for which the field is not along a principal axis of the F106B. For

example, the ambient field may have equal components in the nose-tail, and wing-

wing directions, resulting in an electric field vector oriented at a 45° angle with respect

to the fuselage. Also presented are a few cases from the previous principal angle
parameter study. These cases were redone because the responses were much larger

or smaller than typical measured responses.

The net charge values used for the portion of the parameter study presented

here were 0, -1/2Q m, and -Qm, where Qm is the charge needed to cause corona to form

on the aircraft in the absence of any external field. In the case of the F106B finite

difference model, Qm was 1.79 millicoulombs. These signs of charge (no charge and

negative charge) were deemed to be most likely on the F106B flying at high altitude

(> 20,000 feet) and were therefore completed first.

The responses from the skewed angle portion of the parameter study are

presented in Appendix D. The format of the legend below each of the plots is

explained in the foreword to Appendix D. Essentially, the legend specifies the

orientation of the ambient field with respect to the aircraft and the net charge on the

aircraft. The sensor response shown in each plot is indicated along the left side of the

plot itself. Also specified in the legends is the ambient electric field magnitude which

was present for that case.

Parameters which were not varied were the relative air density and the water

content of the air. The relative air density was fixed at .5, meaning that the air density

was half that found at sea level. This corresponds to approximately 27,000 feet in

altitude. The water content of the air was set at 0% after consultation with Dr. John

Helsdon [unpublished data], who confirmed that this is near the correct value, even in

the center of a thunderstorm.

Analysis of the calculated responses is in a preliminary state, because the

full parameter study, including positive charge values, has not been completed.
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However, some simple comparisons of calculated to measured data and early

statistical analysis were reported in Chapter 2 of this report.

The principal angle cases which were redone are presented in Appendix E.

They were done on the NASA Langley VPS computer. The original report of the

principal angle parameter study was reported in Reference 4. The new waveforms in

Appendix E are somewhat more representative of measured responses, although

some are still larger. Differences still exist because of the difficulty in estimating

nonlinear response amplitudes in advance of a calculation.

The nonlinear parameter study is not yet finished. Future work involves the

calculation of responses for positive net charge values. Another possibility is the

addition of more orientation angles for the ambient field, because of the variety of

responses found with the skewed angle portion of the study.
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CHAPTER 6

RESPONSE OF THE F106B AIRCRAFT
TO A HIGH CURRENT LIGHTNING STRIKE

Direct lightning strikes to the F106B aircraft have, to date, been mostly low

current strikes (of the order of a few kiloamps injected current), and have been

confined to high altitudes. Because of this, very little information is available about the

response of the aircraft to a large direct strike. The probability of the F106B

intercepting a large amplitude lightning stroke appears to be small, so data on this

type of event may be sparse. Even if the aircraft were to intercept such a strike,

minimal information might be gained, because the range of response levels is not well

known. If sensors saturate or fail to trigger because of improperly adjusted

sensitivities, nothing is achieved. In addition, estimates of the required sensitivity

settings are difficult to make, because of the strongly nonlinear character of a large

amplitude lightning strike.

Currently, the best way to estimate the effect of a large amplitude strike on

the F106B is to make use of the nonlinear air breakdown computer model. This has

been done using the model described in a previous report [3]. The model assumed

that a large amplitude lightning strike attached to the nose boom of the aircraft. The

current channel extended directly away from the aircraft along the line of the fuselage.

The injected current had a step function waveform with a rise time of one microsecond.

The amplitude of the step was 200 kiloamps. The current waveform is shown in Figure

6.1. This was meant to simulate a large return stroke intercepting the F106B.

Although the entry channel for the current was specified in advance, no exit channels

were predefined. The nonlinear air chemistry incorporated in the code allowed the

charge from the lightning current to flow off the aircraft at appropriate exit points.

The main results obtained from the model were the approximate sensor

response amplitudes. These are almost certainly upper limits for the amplitudes

achieved in any possible interaction of the F106B with lightning. Hence, in future

flights in which the intent is to intercept large cloud to ground return strokes,

approximate responses will be known. This will allow the sensitivity of the sensors to

be adjusted appropriately, to eliminate the possibility of saturation.
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The calculated sensor responses are shown in Figures 6.2 to 6.6. It is

interesting to note that they are a factor of about thirty larger than any responses seen

in the measured data to date. This is not too surprising, because most strikes so far

have been aircraft triggered lightning at high altitude with currents much less than the

200 kiloamp current used in the model. In all cases, the extremely large part of the

response waveform lasted only for a few tens of nanoseconds, and was then rapidly

damped. The rapid damping occurred most likely because of the nonlinear effects of

the electrical corona which formed around the aircraft. Because the aircraft is

immersed in conducting air, the resonances which would normally be seen are

masked. The electrical corona in the model was found to extend a distance of about

two meters from the plane even over flat surfaces, such as above and below the delta

wing. This is easily sufficient to strongly damp any of the aircraft's resonances which

wodld be present in a linear model. Shielding of the sensors also occurs because of

the presence of the corona. Resonances which would normally be recorded are not

because the corona acts to isolate sensor points with its conductivity.

Although no exit points were defined in the model, the lightning current

exited the aircraft at the points one would expect. The largest exit currents were seen

at the tip of the vertical stabilizer and the wing tips. Smaller but still significant currents

were seen exiting the leading and trailing edges of the wings. Still smaller currents

existed even over flat portions of the aircraft, because the corona's conductivity

allowed charge to flow at all locations. These latter currents, however, did not remove

a significant percentage of the entering current.

To summarize, the response of the F106B to a large lightning current has

been calculated using a nonlinear air breakdown model. The responses can be used

to estimate response levels for flights which intend to intercept cloud to ground return

strokes. The calculated responses are seen to be pulselike in character and strongly

damped.
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CHAPTER 7

RESPONSE OF AIRCRAFT OTHER THAN THE F106B

TO TRIGGERED LIGHTNING

The overall objective of the F106B thunderstorm research program is to

determine lightning environments for any size or type of aircraft. To date, nonlinear

analysis in this program has concentrated on the F106B itself. But the thunderstorm

environment necessary for a direct strike may be different for different types of aircraft.

That is, for an identical thunderstorm environment, one aircraft may encounter a direct

strike, while a second differently shaped or sized aircraft will not. For this reason, it is

desirable to look at the environment in somewhat more generality. In this chapter, four

different aircraft will be placed in a thunderstorm environment (i.e., ambient electric

field, charge on the aircraft, particular altitude, etc.) and the conditions necessary to

produce a triggered lightning strike determined. The electromagnetic responses

present on the aircraft as a result of that strike will also be presented.

The four aircraft investigated here are listed below:

(1)
(2)
(3)

(4)
(5)

half size F106B,

double size F106B

normal size F106B with delta wings replaced with more

conventional straight wings,

normal size C130,

normal size F106B.

The first two aircraft above afford a size range from approximately 35 feet to 140

feet. Although the field enhancements around these two aircraft are, of course, the

same, the effect of a given net charge on the plane is much different. Also, the

responses of electromagnetic sensors on the planes are different because of the

significantly different resonance characteristics.

The F106B with the straight wing is meant to test the effect of the delta wing on

field enhancements, resonant response, and charge storage properties. These are all

expected to be changed to greater or lesser degrees. In particular, charge storage
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could be significantly affected, because the large flat delta wings act as a large

capacitance.

The C130 is included as a non-fighter type of aircraft. It has more rounded

contours, particularly at the nose, and is representative of the shapes found in large

passenger aircraft. It should give an idea of the environment necessary to generate

triggered strikes on that type of aircraft.

The normal size FIO6B is included for comparison purposes.

The finite difference models of the first two planes look identical to the normal

size FIO6B shown in Figure 1.1; only the scale is different. The electromagnetic

sensors are located in the same position. The finite difference models of the FIO6B
without delta wing and the C130 are shown in Figures 7.1 and 7.2, respectively.

Sensor locations are indicated on the figures. These locations are intended to be

analogous to the locations on the normal size FIO6B.

For each aircraft, two different environments were used. In both the net charge
on the aircraft was fixed at - 1/2 Qm,where Qmis the maximum charge which can be on

the plane without causing immediate corona formation. It should be kept in mind that
Qmis different for each aircraft. Two separate ambient field orientations were used,

one with the field oriented from nose to tail, and the other oriented from top to bottom.

These orientations were chosen, because they produce the most interesting sensor
responses as determined from full parameter studies on the normal size FIO6B. The

initial conditions for each of the nonlinear finite difference computer runs were
determined using the same technique as described in Chapter 5. For consistency, all

runs were done at a simulated altitude of 27,000 feet (relative air density of .5) and

with a water vapor percentage of zero.

The variable Parameters for each of the computer runs are shown in Table 7.1.
The field values, Emag, also represent the minimum field necessary to produce a

triggered strike on the given aircraft model for the given orientation and Qm" In the

table, aircraft number refers to the numbers assigned in the listing earlier in this

chapter. The codes NT and TB refer to nose-tail and top-bottom ambient field

orientations, respectively. Qm is listed in millicoulombs and Ema_ in kilovolts per meter.
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TABLE 7.1

Variable Parameters in Triggered Lightning Investigation

Aircraft Number Field Orientation Qm (mC) Emag(kV/m )

1 (1/2 x F106B) NT .49 100

TB .49 250

2 (2 x F106B) NT 7.90 100

TB 7.90 250

3 (straight wing F106B) NT 2.00 120

TB 2.00 240

4 (C-130) NT 6.90 190

TB 6.90 210

5 (normal F106B) NT 1.79 130

TB 1.79 310

Several noteworthy items are apparent from Table 7.1. First of all, note that size

is by far the determining factor for Qm. For aircraft with similar shapes, one would

expect Qm to scale as the square of a typical dimension, along with the surface area.

This is seen to be true, as Qm varies by a factor of 16.1 for the factor of four scale

difference between the half size and double size F106B. A second thing to notice in

the table is the effect of the delta wing, exemplified by aircraft #3. Qm for the normal

size F106B with delta wing is 1.79 millicoulombs and is 2 millicoulombs without the

delta wing. This is a somewhat surprising result, as one would expect that the large

surface area of the delta wing would allow it to hold a large amount of charge.

However, the presence of the delta wing changes the static electrical characteristics of

the plane considerably. Because of the delta wing at the rear of the aircraft, field

enhancements are significantly larger around the nose. In fact, a nose to tail oriented

field has an enhancement factor of 6.3 for the aircraft without delta wing, and 7.4 for
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the aircraft with a delta wing. The same type of phenomenon occurs for a given

charge on the plane. That is, the charge arranges itself on the delta wing plane in

such a way that it takes less charge to bring about corona formation.

One final thing to notice about Table 7.1 is the magnitude of the field required

for a lightning strike on the C130 model (aircraft #4). For the nose-tail field direction, it

is nearly twice that required for the F106B. This is mostly because of the bluntness of

the nose of the C130. In actual practice, the triggering fields may differ by even more.
The reason for this is that the C130 is quite accurately represented near the nose by

the finite difference model, so its maximum enhancement should be correct. However,

the sharp nose boom on the F106B is less accurately represented, so real

enhancements on the F106B are likely to be larger than the model predicts.

The aircraft sensor responses for each of the models and orientations are

presented in Figures 7.3 to 7.12. Each figure contains six plots including the following:

(1)
(2)
(3)
(4)
(6a)
(6b)

B-dot longitudinal,

B-dot left wing,

D-dot forward,

D-dot left wing,

nose current if field orientation is nose to tail,

tail current if field orientation is top to bottom.

The legend of each gives the type of aircraft model, the ambient field orientation

and magnitude, and the net aircraft charge. The sensor for each plot is indicated

along the vertical axis of the plot. The peak values for the various sensors for the

different cases studied are summarized in Table 7.2.

Examination of the sensor responses reveals several interesting things. First,

the air breakdown for each case was approximately the same, meaning that the

frequency content of the entering currents was similar. The magnitude varied

somewhat because of the size of the area of corona formation. Because of this the

larger aircraft, having lower characteristic resonances, were more strongly excited by

the current. In fact, the half size F106B shows almost no resonant behavior because

its lowest resonant frequencies are at the upper limit of those present in the current.

(Text continued on page 100)
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TABLE 7.2

SUMMARY OF INITIAL PEAK RESPONSES FOR THE
MULTI-AIRCRAFT STUDY

Nose-tail orientation, Q = -1/2 Qm

Aircraft D-dot tail D-dot LW D-dot F B-dot L B-dot LW

1/2 x F106B 8.5 7.4 30 1070 760

2 x F106B 7.4 7 34 1750 1250

straight
wing F106B 9 8.7 37 1750 1900

C-130 1.9 3.6 8 1700 -1900

normal F106B 16.6 15.6 72 3700 2600

_.!_1

250

2570

58O

1100

1500

Top-bottom orientation, Q = -1/2 Qm

Aircraft D-dot tail D-dot LW D-dot F B-dot L B-dot LW

1.2 x F106B 4 .85 1.3 -100 -65

2 x F106B 4.5 1.7 1.3 -300 -100

straight
wing F106B 4.7 .9 1.1 -320 165

C-130 5 3.8 3 -800 -400

normal F106B 18.8 3 4.5 -530 -200

_3_1

5O

780

180

1900

620

Note: I for the nose-tail orientation refers to current entering the nose.
For the top-bottom orientation, it refers to current entering the tail.
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Also, the F106B without the delta wing seems to show somewhat increased resonance

behavior. The increase occurred because the filtering effect of the low Q delta wing

was removed.

Second, it is of interest to consider the ambient field required for breakdown on

each aircraft. This information can be used to roughly predict the response of each

aircraft in a given ambient field. For example, if all of the models were given an equal

net surface charge, and were placed in a nose to tail oriented field, there is a range of

field magnitudes through which the C130 could fly uneventfully, while the F106B

models would all experience triggered lightning events. Conversely, the C130 is more

likely to trigger lightning if placed in a vertically oriented field. This indicates that the

detailed geometry of any aircraft and its orientation with respect to the ambient field is

important in avoiding environments which can cause triggered lightning.

The contents of Table 7.2 are interesting, in that they show some of the

nonlinear aspects of the lightning-aircraft interaction. For example, note that the

currents entering the nose for the nose-tail oriented field is ten times larger for the

double size F106B than for the half size F106B. Because the two aircraft differ in size

by a factor of four, linearly one would expect this current to also scale by that same

factor. The nonlinear calculations show this to be untrue. In addition, the calculated

peak D-dot values are very similar for the two aircraft, despite the big difference in

current. This too is unexpected linearly, because the D-dot responses, and in

particular D-dot forward, would linearly scale with the current and the inverse of the

aircraft radius at the sensor location. The point to be noticed here is that in a general

way, the aircraft responses do behave in the way that is expected linearly. That is, the

peak responses increase as the peak current increases, and decrease as the aircraft

size increases. However, the scaling factors that would apply linearly are not accurate

when nonlinearities are included.

In summary, this chapter has examined the environment necessary to produce

a triggered lightning strike on aircraft other than the standard size F106B. It has also

examined the electromagnetic responses to be expected on those aircraft when

involved in a triggered strike. The usefulness of this is that some knowledge is gained

of the environments which are likely to cause lightning on non-fighter aircraft, such as

large commercial jets and transports. Also, response comparisons allow one to more

easily generalize the types of responses which would be expected on aircraft of similar
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sizes and shapes. This is valuable in extending the lightning environment to general

aircraft which have not been explicitly modeled.
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CHAPTER 8

ENHANCED NONLINEAR AIR BREAKDOWN MODELING

To model the development of a lightning strike from first corona formation to

a fully developed channel is a difficult task. The growth of the channel encompasses

many regimes in plasma physics, from very weakly conducting air to fully ionized or

even doubly ionized regions. It also includes many different physical and atomic

processes, involving many different species of particles, which are active at different

times in the channel development.

One way to describe mathematically the growth of the lightning channel, at

least in its early stages, is with the use of fluid conservation equations. These

equations, which include particle conservation, momentum conservation, and energy

conservation for the most important species present in a lightning environment, were

discussed extensively in a previous report [3]. The equations are shown again below

for convenience:

Particle conservation:

+ V • (ne_e) = q + gne e e eat - c_ n - Bnen + + k

an+

aT + V • (n+;,) = q , gn e - 8nen + - -yn+n.

+ v " ,_,rn__._ = %n e 7n+n_

(8.1)

Momentum conservation:

av

° "o"o
¢¢ ill

OL

- n V u
t_ a C

(8.2)
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Energy conservation:

Bc m

at (Ve Ce qene (e e - gne v+2- Cio n

+ CQ - ae ce - Bn+ ce + He - kexcitation

aCH me o

@..-_--+(_+ "v)CH = q+ (n+ + n_) _'. v+ +_ uc (c e - Ce )

1
- _ gme ne v+ 2 + kexcitation.

(8.3)

The previous report discussed each of the terms in these equations

individually, so only a few added comments will be made here. The particle

conservation equations include only positive and negative ions, along with electrons.

Note that the neutral background gas is not considered. The implicit assumption is

that the neutral gas remains unchanging throughout the event under consideration.

This is a good approximation during the early stages of growth, but will need to be

modified if the model is ever expected to handle the situation of a fully ionized gas. In

fact, to fully model a lightning channel, it may be necessary to include a larger set of

particle conservation equations, one equation for each ionic species, rather than

lumping them all together into positive and negative ions.

In the momentum conservation equations, the (x subscript represents

species type, so Equation 8.2 really corresponds to three equations. Also note that qa

is a signed quantity which determines the direction of drift of each species. The

collision frequency, _)c, represents collisions with neutral particles, and is at present a

constant value. With increasing model sophistication, this quantity can be made

temperature dependent. Also, for a strongly ionized plasma, this term should include

coulomb collisions between charged particles as well as charged particle-neutral

interactions.
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In the energy conservation equations, only electrons and heavy panicles are

considered. By heavy panicles are meant all air constituents other than electrons.

Because the heavy panicles all have similar masses (within an order of magnitude),

energy transfer between them can take place efficiently, and they are all strongly

coupled. That is, equipartition of energy can occur in a few collision times, which is of

necessity less than the fluid equations' time scale. Hence the energy in the heavy

panicles is assumed to be equally divided among all the species, including neutrals.

The new features of the model which have been incorporated since the last

report are a temperature dependent ionization rate and the presence of molecular

vibrational modes. The temperature dependent ionization rate will be discussed first.

The new ionization rate, g in Equations 8.1, comes from the work of Fowler

[ 6]. It includes the effects of electron temperature and electron drift into the ionization

rate. The expressions Fowler derives for the ionization rate are given below.

ForB>O,

g = -Sgo (z2Ti)dz exp[-
"B

and for B < O,

(Z-U)2] -exp/-(z+u)2] Iexp(-2Cu)du, (8.4)

g ._

JA IBI -expl [- (z+u)2]lexp(
-2Cu)du.

Because a full discussion of all of the terms in Equations 8.4 is given in [8],

only the highlights will be treated here.

The multiplicative factor go outside the integral is a function of several

quantities. It depends on the neutral panicle density, the ionization energy of the

heavy panicles ionized in an electron avalanche (in this case, mostly nitrogen), the

electron temperature, the collision frequency, and the electric field. The lower limit of

the first integral, A, may be written:
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m =

mVi2
½

(8.5)

Here, mVi2/2 is the kinetic energy necessary to cause an ionization, k is

Boltzmann's constant, and T is the electron temperature. Hence as the electron

temperature increases, A decreases, and the limits of the first integral encompass a

larger integration path, in this case leading to a larger avalanche ionization rate. The

limit of the second integral, B, can be written,

B; (8.6)

Here, m is the electron mass and V is the electron drift velocity. As T increases, B

decreases, and again the integration includes a larger range leading to an increased

avalanche rate. Note that V is a signed quantity, so B can be positive or negative.

More temperature dependence is contained in '_; the cross section for

ionization by electron collisions. This parameter is represented in the model by a

numerical fit to experimental data.

The last factor to contain temperature dependence is the quantity C in the

exponential of the second integral. It can be written,

C : ½ a (8.7)

In this equation, K is the collision frequency, and a is the acceleration produced on an

electron in the electric field.

The forms for the ionization rate given by Equations 8.4 are inconvenient for

use in a finite difference code. Evaluation of the integrals must be done numerically

and is quite time-consuming, particularly when they must be evaluated at every spatial

point at every time step. The problem was circumvented by generating a three
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dimensional lookup table from which interpolations were done in the model. The

variable parameters were electric field, electron drift velocity, and electron

temperature. The lookup table was generated by choosing nitrogen as the constituent
of air which is ionized in an electron avalanche, and then evaluating Equations 8.4 for

ranges of the variable parameters which include all reasonable physical values. The

interpolation is done exponentially because of the rapid variation of g in some areas of
the table.

A graph of the ionization frequency as a function of electron temperature and

electric field is shown in Figure 8.1. The figure has the electron drift velocity fixed at

zero. Although the values in that figure are appropriate for a helium gas, the behavior
is similar for nitrogen. Note that the ionization rate rises rapidly with increasing field,

and also with increasing electron temperature to a certain point. Also notice that there

appears to be a limiting value for the avalanche rate, such that increasing the

temperature or the electric field do not change g very much. For increasing

temperature, g even falls after a certain point. Also notice that the avalanche rate is

large even for a low electric field if the electron temperature is large.

The second enhancement to the nonlinear model is in the addition of

molecular vibrational energy states. These act as an efficient conduit for energy

transfer between electrons and heavy particles. Elementary physics shows that in a
collision between a light particle (e.g., an electron) and a heavy particle (e.g., a neutral

gas molecule), very little energy can be transferred from the light to the heavy particle.

This can lead to a situation in which the electrons in a gas can get very hot while the

neutral gas temperature stays close to ambient levels. This is physically real to a

point, but it is an observational fact that the electrons in a lightning strike have

temperatures of the order of 20,000OK and the background gas temperature is much

above the ambient temperature. Elastic collisions alone are inadequate to produce a

sufficient transfer of energy. The excitation of molecular vibrational energy states

provides a means of transfer. At approximately 20,000OK, an individual electron has

enough energy to excite a vibrational energy state, and the cross section for the

interaction is very high. Hence many molecules are excited, and the electrons are

constrained from going higher than the limiting temperature. The molecular vibrational

states subsequently decay by releasing their energy into kinetic energy of the neutral

gas. Depending on the lifetimes of the vibrational states, kinetic energy is quite rapidly

transferred from the electron gas to the neutral gas.
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Implementation of the vibrational states in the nonlinear finite difference

model is quite heuristic. The electron fluid in a given cell is not allowed to rise above

the 20,000OK limiting temperature. If the temperature does go higher, all of the excess

energy is immediately transferred to the heavy particles. This is the meaning of the

kexcitation term in Equations 8.3. kexcitation is the excess energy density in the electron

fluid in a finite difference cell for one time step. It is subtracted from the electron

energy conservation equation and immediately added to the heavy particle energy

conservation equation. This implicitly assumes that the lifetime of the vibrational states

is less than the time step in the finite difference code. For cases in which this is not

true, an energy conservation equation for the vibrational states may be added to the

model.

The first application of the new model has been to an experiment performed

by Dr. Trost at Texas Tech [unpublished data]. His experimental setup is diagrammed

roughly in Figure 8.2. He placed a conducting prolate ellipsoid between two plates

maintained at a constant potential difference. This produced a uniform electric field in

which the ellipsoid was immersed, with its long axis along the direction of the field.

The potential difference between the two plates was increased until the air broke down

at the ends of the ellipsoid, and a spark was seen to cross the gap between the

ellipsoid and the plates. Sensors included a D-dot recorder mounted on the lower

plate and an imaging camera which recorded the formation of the sparks at the ends of

the ellipsoid.

Although Dr. Trost's experiment was much too large to model in its entirety,

the central problem of the ellipsoid in a uniform field has been modeled in two

dimensions. The model ellipsoid was four inches long and four-tenths of an inch in

diameter. In order to model adequately the ends of the ellipsoid, it was necessary to

use a grid size of one-tenth inch in the long axis direction and one-fiftieth inch in the

radial direction. This spatial gridding required a time step of one picosecond. The

magnitude of the ambient electric field was increased until air breakdown occurred at

the ends of the ellipsoid. The model was run for sea level air density and dry air. Air

breakdown was seen for an ambient field of 300 kV/m. The model was run to ten

nanoseconds, which constitutes ten thousand time steps.
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j Monitor Point

To Upper Plate

To Lower Plate
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Electric Field

Figure 8.2 Diagram of the Experimental Configuration Modeled by the

Enhanced Nonlinear Air Chemistry Model. The Plates Are

Held at Constant Potential to Produce the Electric Field.
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Time domain waveforms of pertinent quantities at the positively charged end

of the ellipsoid are shown in Figures 8.3 to 8.8. The axial electric field behavior at the

ellipsoid tip is shown in Figure 8.3. The electric field drops very rapidly to a stable

value at about one-third of its original value. The same is true of the radial electric field

near the tip as shown in Figure 8.4, except that the later time value is slowly drifting.

The electron density shown in Figure 8.5 rises rapidly and then decays slowly,

presumably approaching asymptotically some quasi-steady state level. Figure 8.6

shows the positive ion density which rises rapidly along with the electron density, and

then falls very slowly as recombinations occur. Recombination is a comparatively slow

process, so the positive ion density can remain large for a long time. The negative ion

density is shown in Figure 8.7. It lags behind the positive ion density because the

major source for negative ions is attachment of electrons to neutrals, so the negative

ions appear as the electron density decays. Figure 8.8 is the electron energy density,

which rises and falls with the number density of the electrons. The temperature of the

electron gas has not been plotted but can be approximately derived from the ratio of

the electron energy density to the electron number density. When this is done, the

temperature is seen to rise very rapidly to the limiting temperature of 20,000oK and

remain at that value. Also not plotted is the heavy particle energy density, which was

unchanged over the ten nanoseconds that the model was run.

The problem of the ellipsoid in a uniform field was also modeled in two

dimensions using an older nonlinear model which did not include momentum and

energy conservation equations. This model has been documented in an earlier report

[3]. The model used an experimentally derived mobility in place of the momentum

conservation equations and ignored energy conservation entirely. This older model

predicted no air breakdown at all for the ten nanoseconds that the model was run.

However, the electron density was rising at the end of the run, and breakdown would

have occurred slowly at some later time. The difference between the two models is

therefore substantial. Comparison to experimental situations is still necessary to

determine whether the newer model is substantially more accurate.

The biggest flaw in the enhanced nonlinear model is its inefficiency. At four

hundred time steps per hour of computer time, it can not realistically be used to model

time scales of the order of microseconds. However, the model has not yet been

optimized with respect to the physical processes that it contains. That is, many

(Text continued on page 117)
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processes have been added to the model without regard for whether they are

effectively changing the results. It is possible that some of this physics could be

dropped from the model without serious loss of accuracy, but with a great savings in

computer time. This subject is expected to be addressed in future work.
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CHAPTER 9

SUBGRID DEVELOPMENT AND APPLICATION

9.1 The Effect of Finite Difference Grid Resolution on Field
Enhancements

Any cartesian finite difference model of Maxwelrs equations has a limit on its

resolution equal to the cell size used. This means that small features of the object

being modeled cannot be included in the model. Unfortunately, it is often around

such small features (sharp points, nose booms, etc.) that interesting electromagnetic

field behavior is seen. In particular, local field enhancements are usually largest near

these areas. The effects of these small features, although significant locally, normally

do not extend very far from the feature. A reasonable rule of thumb is that the

perturbing effect on an electromagnetic field of a conducting object will extend

approximately a single dimension of the object in any direction. If this is true, then field

perturbations from small features unresolved in a particular finite difference model

should extend one or at most two cells from the object. Restating this in different

words, the finite difference solution should be accurate everywhere except in the cell

where the small feature exists, and possibly one more cell away from it.

To investigate the effect of lack of resolution in a finite difference model, a

numerical experiment was undertaken. Three different two dimensional cylinders

were gridded. These are shown in Figure 9.1. Two dimensional cylinders were used

for efficiency, and because the nose of the F106 can be represented quite accurately

in two dimensions. For the field directions used in this study, the third dimension, the

azimuthal direction, is superfluous. The dimensions of the cylinders are shown in the

figure, and were chosen to roughly represent the dimensions of an F106B fuselage.

The first cylinder has a blunt end, illustrating the situation in a finite difference model

with very coarse resolution. The other two cylinders have tapered ends, representing

the situation in models with better resolution. The tip angles are 53 degrees for

cylinder #2 and 37 degrees for cylinder #3. Each of the cylinders was placed in an

ambient electric field of one volt per meter oriented along the cylinder axis, and the

solution was allowed to settle to its static value. The field distributions around the

tapered ends of the cylinders were then compared. The largest difference between

the solutions was, as expected, at the tip of the cylinders. The calculated fields at that

point are shown below:
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Figure 9.1 Three Cylinder Configurations Used in the Finite

Difference Numerical Experiment
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Cylinder #1 :

Cylinder #2:

Cylinder #3:

Etip = 3.56 V/m

Etip = 15.35 Vim

Etip = 16.97 Vim.

This shows a 477% change in the local field from the bluntest cylinder to the most

pointed. It is indicative of the error in a finite difference model when the local field in

the vicinity of a nonresolvable small feature is calculated.

The numerical experiment also calculated the manner in which the electric

field varied as one moved away from the tip of the cylinders along their axes. This

allows one to determine how far from the tip one must move to lose the effect of the

tapering in the field distribution. The field distribution along the axes of the cylinders is

shown in Figure 9.2. Note from the figure that the enhancement effect of the tapering

extends only three cells from the tip of cylinders #2 and #3. From that point outward,

the tapered cylinders show less enhancement than the blunt cylinder. This occurs

because the blunt cylinder occupies more volume than the tapered cylinders and

therefore alters the ambient field slightly more at a distance of several cells.

To apply the lessons learned here to a concrete example, consider the finite

difference model of the F106B. The 1/2m x 1m x 1/2m cell size used in that model

does not allow direct gridding of the nose boom, where strongly enhanced local fields

are expected. The numerical experiment reported in this chapter indicates that the

finite difference model's fields at the tip of the nose boom may be incorrect by as much

as a factor of ten. However, the high field region is very small, and the model

accurately predicts the field distribution at most a cell or two away from the nose. The

implication of this for nonlinear modeling is that predicted field levels for triggering

lightning by the F106B are probably too high, especially for ambient fields oriented

along the fuselage. However, because the fields away from sharp points are

accurately calculated, the nonlinear development of a lightning event should be

correctly modeled.

It is even possible that in the case of triggered lightning, it is not necessary to

model the nose boom of the F106B. That depends on the answer to the question of

how a full-fledged lightning strike is initiated. That is, is it possible to begin a channel

from a small enhanced field region a few centimeters in radius, or is it necessary to
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have a larger volume of enhanced fields to actually get the channel started? It is clear

that corona can exist on the scale of centimeters, but it is not yet clear that a volume of

that size can initiate a lightning event. It is entirely possible that more energy must be

available than exists in a tiny volume surrounding a sharp point on the F106B. This

question will be investigated in more detail in future work, in which the conditions

required for initiation of a lightning strike will be studied. At present, it is unknown

whether the resolution of the standard finite difference model of the F106B is adequate

to model the initiation of lightning.

9.2 Subgrid Application

To model the fine details of aircraft in a finite difference code, two techniques

are possible. The first and most straightforward is to use a spatial grid which is fine

enough to resolve the smallest detail throughout the problem space. This results in

very large computer programs which are wasteful of resources, because areas where

fine resolution is not needed are nevertheless gridded in great detail. The second

method, which avoids this difficulty, is to embed within a coarse resolution model a fine

resolution volume around the small details of the aircraft. The techniques for doing

this have been reported previously [3]. In this chapter are presented examples of the

applications of two different subgrids to the end of a conducting bar and the first

application of the subgrid model to the F106B.

The biggest obstacle which was found in the development of a subgrid

model was a late time numerical instability. This instability, which became evident

after approximately two thousand time steps, would cause the numerical solution to

diverge exponentially from the correct solution. In addition, the instability was worse

for larger expansion factors in the subgrid. That is, the finer the resolution in the

subgrid compared to the coarse grid, the worse the instability was. This severely

limited the usefulness of the subgrid methodology. In particular, the solution to static

problems used as initial conditions for nonlinear triggered lightning models was

impossible. The instability was eliminated by a modification of the way in which

electric field averaging in the subgrid was accomplished. This modification was

documented in a previous report [3].

To illustrate the stability of the new technique, a numerical experiment with a

conducting bar was undertaken. The bar was ten meters long and two meters square.
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One end of the bar was surrounded by a subgrid, but the cross section of the bar was

unchanged in the subgrid. Two different subgrids were tested, one with a resolution
increase of two times, and the other with a resolution increase of six times. The coarse

grid in both cases had a spatial resolution of one meter, so the subgrids had spatial
resolutions of one-half meter and one-sixth meter, respectively.

The solution desired in both cases was the electric field distribution around

the bar when it is immersed in an ambient electric field oriented along its length. This

was accomplished by using a plane wave electromagnetic field incident on the side of
the bar. The plane wave electric field was a step change with a rise time of fifty

nanoseconds to an amplitude of one hundred volts per meter. The result of this is that

the fields around the bar oscillated for a few cycles as resonances in the bar decayed,

and then the solution settled down to the static solution. Of course, the magnetic field

from the plane wave was still present, but in the static case the electric and magnetic

fields are decoupled, so the presence of the magnetic field is unimportant.

The time behavior of the electric field at the center of the subgrid end of the

bar is shown in Figure 9.3 for the factor of two subgrid, overlaid with that from the factor

of six subgrid. Note the lesser enhancement of the field for the factor of six subgrid.
The enhancement is less because the field from the factor of six subgrid represents a

small area near the center of the bar cross section, whereas the factor of two field

represents a much larger area extending closer to the edge of the bar, where the

enhancement is naturally larger.

The ultimate application for the subgrid is to better resolve the sharp points

on the F106B, especially the nose, where many direct lightning strikes are known to

have attached. The subgrid may be utilized both in linear codes, to better determine

enhanced fields around a sharp point or edge, and in nonlinear codes, to better
resolve a particular air breakdown event and its effect on aircraft sensors. The first

step in this utilization has been taken by placing a subgrid around the nose of the
F106B. The spatial resolution in the standard finite difference model of the F106B is

one meter in the direction along the fuselage, and one-half meter in the other two

coordinate directions. The subgrid around the nose was given a factor of four

expansion in the fuselage direction and a factor of two in the other directions resulting

in a cubic lattice of resolution one-quarter meter within the subgrid. Although this

resolution is still not adequate to resolve features like the pitot boom, it is good enough
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to better resolve the tapering of the nose and to better determine the enhanced electric

fields existing there. The new enhanced fields then give a better understanding of the

ambient fields necessary to produce a triggered lightning strike at the nose of the

F106B.

The static solution for the field distribution around the F106B was achieved

in essentially the same way as the fields around the bar described earlier. A plane

electromagnetic wave with a step change waveform was propagated across the

problem space from bottom to top. The electric field was oriented along the fuselage

and rose to a value of one volt per meter in four hundred nanoseconds. The rise time

was chosen to minimize the intrusion of aircraft resonances into the static solution.

The D-dot forward response from the aircraft is shown in Figure 9.4 to

illustrate the stability of the solution. The more interesting result from the model is the

magnitude and location of the largest local electric field value around the more

detailed nose of the aircraft. The standard finite difference model of the F106B gave a

maximum enhancement of 8.9 under the nose of the plane. This translates to an

ambient electric field of 157 kV/m needed to produce a triggered lightning strike to the

nose at 27,000 feet. The new maximum field enhancement calculated from the

subgrid model was found to be 19.2, which translates to a necessary ambient field of

73.9 kV/m. This reduction will probably be larger when subgrids of greater resolution

are placed around the nose. In principle, using subgrids of greater and greater

resolution should allow the calculated ambient field necessary to produce a triggered

strike to asymptotically approach that seen in nature. In practice, however, the

computer resources necessary for arbitrarily good spatial resolution in the subgrid

make the use of very large resolution increases impractical.

Application of the subgrid to the F106B finite difference model is just

beginning, and it is expected that greater resolution subgrids will be used in future

work. In addition, the inclusion of nonlinearities in the subgrid volume is a subject for

future work. The subgrid will also be necessary to investigate the conditions under

which lightning is initiated. This will allow a determination of whether there exists a

lower limit to the volume of high electric field which must exist before a lightning event

begins.
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CHAPTER 10

THUNDERSTORM ENVIRONMENT FOR IN-FLIGHT AIRCRAFT

1 0.1 Introduction

Real thunderstorm environments are extremely complex and have considerable

variability in both space and time. In addition to the ambient atmosphere, the storm

environment includes water vapor and a vast array of hydrometeors (cloud and

precipitation particles), all of which are moving relative to one another. Some of the

hydrometeors are charged through various mechanisms, and relative motion between

different sized particles leads to charge separation and the generation of multiple

charge centers in the storm.

It is the purpose of this chapter to identify a realistic set of thunderstorm

environmental parameters that can be utilized in modeling the initiation of a lightning

strike to a penetrating aircraft. In order to accomplish this objective, the thunderstorm

environment is first discussed in general terms. Then some specific environmental

conditions are chosen which lie within the broad range of possibilities, but which are

simple enough to simulate in the mathematical corona model being utilized.

10.2 Meteorological Terminology and Definitions

The discussion of the thunderstorm environment that follows is not intended

to be an exhaustive tutorial on the subject but is a short review for non-meteorologists.

Therefore, a list of commonly used terms and definitions is in order. The list below is

given in the order of ready information flow rather than in alphabetical order.

Atmospheric Pressure: The ambient pressure in the atmosphere results from the

weight of the column of air (including any water) existing above the observing point.

Obviously, as the observing point moves upward in the atmosphere, this column

becomes shorter and hence the pressure decreases with height. The mathematical

expression that describes the change of pressure with height is called the hydrostatic

equation and is given by,

d_p_= _pg (10.1)
dz
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where p = air density

g = acceleration due to gravity

Integration of equation 10.1 provides the information utilized in altimetry.

Relative Humidity: This parameter is not utilized in cloud physics for the most part but

is included here as a familiar reference point. Relative humidity is generally

expressed in percent, and is a measure of the moisture content in the atmosphere

relative to total saturation conditions. The relative humidity is defined as,

where

RH = 100 -_- t (10.2)
$

e = ambient partial pressure due to water vapor

e s = saturation vapor pressure (depends only on temperature)

,_oecific Humidity: This is a measure of the mass of water vapor present per unit mass

of ambient air. The specific humidity is given by,

q = .622 e _ .622 e g/g (10.3)
p - .378 e p

p = atmospheric pressure

Specific humidity is often expressed in g/km.

Mixing Ratio: The mixing ratio is the moisture parameter most utilized in cloud physics.

It is the mass of water vapor contained in a unit mass of dry air and is given by,

. - ¢_p_,.ee g/g (10.4)

Note that if e = es, then equation 10.4 defines the "saturation mixing ratio". The

saturation mixing ratio is a function of temperature and pressure only and therefore
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can be plotted as constant curves on a thermodynamic diagram. This parameter is

also often expressed in g/kg.

Adiabatic Process: An adiabatic process is one in which heat is neither absorbed or

rejected by the system being considered. In the atmosphere, the systems generally

being considered are moving parcels of air. For example, if a parcel of dry air is

moved upward in the atmosphere without exchanging heat with its surroundings, the

temperature of the parcel will decrease with height in a characteristic manner as

discussed under lapse rate.

Lapse Rate: Lapse rate refers to the decrease of temperature with height and is a

direct result of the vertical pressure change. If a dry parcel of air is caused to move

upward under adabatic constraints, its temperature will change in accord with the

pressure change and the applicable ideal gas laws. The resulting change in

temperature with height is called the "dry adiabatic lapse rate". This parameter is

nearly constant at approximately 10o C/km.

If an air parcel which is saturated with water vapor is moved upward, the

water vapor begins to condense into liquid water droplets as the parcel cools. The

latent heat given up in the condensation process is retained in the parcel, thereby

reducing the cooling rate. The resulting change in temperature with height in this case

is called the "moist adiabatic lapse rate". The moist adiabatic lapse rate depends on

both temperature and pressure. At standard temperature and pressure, the moist

lapse rate is about 35% of the dry lapse rate, whereas at -30oc and 10 km elevation,

the two lapse rates are nearly equal.

Note that the moist adiabatic lapse rate generally applies to upward moving

parcels. If saturated air moves downward, the warming process causes immediate

unsaturation and the parcel temperature will follow the dry adiabatic lapse rate unless

liquid water is present in the parcel.

Sounding: A sounding or atmospheric sounding is the term utilized for a plot of the

vertical profile of temperature and moisture content of the atmosphere on a

thermodynamic diagram. The data utilized to make these plots are generally obtained

by balloon-born "radiosonde" equipment. The sounding is a most important tool for
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describing the state of the atmosphere and for predicting potential for the formation of

clouds, storms and precipitation. A sample sounding is shown in Figure 10.1.

The Thermodyn_,mic Diagram: This diagram generally takes the form of a graphic

coordinate system with pressure plotted on the ordinate and temperature on the

abscissa. In one standard form, the pressure lines are plotted on a logarithmic scale

such that the ordinate is linear in height while the abscissa is linear in temperature.

This T-leg P diagram has the advantage that the dry lapse rate and mixing ratio lines

are straight lines. However, it has the disadvantage that typical soundings are not

readily plotted on a single sheet of paper.

Another commonly used diagram is shown in Figure 10.1. This is a skew-T,

log p diagram. Here the temperature lines are skewed almost 45 o so that atmospheric

soundings can be plotted on a single sheet. In the skew T, log p diagram, both the dry

and saturated lapse rates as well as the saturation mixing ratio lines are curved lines.

Note that the lapse rate curves are labelled with the temperature values they intercept

at 1000 millibars pressure. These values are called the wet bulb and dry bulb

"potential temperatures", and represent the temperature a parcel of air would have if

caused to move to the 1000 mb along the appropriate lapse rate curves (typically

these curves are called moist and dry "adiabats"). The dotted curves with positive

slope in Figure 10.1 are the saturation mixing ratio lines. They are labelled with

values in gms/kgm.

Atmos._heric Stability: Atmospheric stability is a term which is applied to the potential

of the atmosphere to support vertical motion. It is directly related to the ambient lapse

rate and to the moisture content. For example, if the lapse rate in the atmosphere is

less than the moist adiabatic lapse rate, any local vertical motion will be suppressed

because buoyancy forces will tend to return any displaced air parcel back to its

original level. For this lapse rate condition, the atmosphere is in stable equilibrium. If

the actual ambient lapse rate is greater than the dry adiabatic lapse rate, the

atmosphere is unstable. Under these conditions, any small vertical displacement of air

will be accelerated, leading to large vertical displacements.

When the actual ambient lapse rate lies somewhere between the moist and

dry adiabatic lapse rates, the atmosphere is said to be conditionally stable or unstable.
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The condition for stability in this case is the moisture content of the air. Most general

storms and widespread precipitation occur under conditions of conditional instability.

j_: Entrainment is the term used for the injection of environment air into a

vertically moving air column. Entrainment occurs through turbulent exchange at the

boundaries of the moving vertical column or through horizontal convergence

generated by vertical acceleration in the column. Entrainment leads to nonadiabatic

processes, since heat is exchanged between the vertical moving air and its

surroundings.

Condensation Nuclei: The aerosol particles that act as nuclei for the formation and

growth of cloud droplets are called cloud condensation nuclei. Without these particles

being present in the atmosphere, water vapor would not convert to liquid water when

small supersaturation conditions occurred. Furthermore, the type, size, distribution,

number, density, and chemical content of the existing condensation nuclei play a

direct role in determining the characteristics of the clouds and precipitation that forms

when supersaturation takes place.

Ice Nuclei: Without the presence of ice-forming nuclei, water can be cooled to beyond

-40oc without convening to ice. The aerosol panicles active in initiating the ice

formation process when the temperature falls below the freezing mark are called ice

nuclei. These are a different set of particles from condensation nuclei and are

generally highly insoluble in water.

Hydrometeor_: This term applies to all forms of liquid and solid water in the

atmosphere. It includes cloud drops, rain drops, ice crystals, snowflakes, hail particles,

etc.

Cloud Drops: Cloud drops are the basic form of liquid water in a cloud and are formed

by condensation of water vapor on appropriate nuclei. Stable sizes are generally in

the range of 10 to 20 I_ in diameter, although they can be larger in convective type

clouds.

Rain DroDs: Rain drops are formed through growth of cloud drops by coalescence, by

melting of large ice forms, or by a combination of both processes. Liquid cloud
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particles are called rain drops when they have reached sufficient size to fall relative to

the cloud updraft.

Ice Crystals: Ice crystals are the basic forms that are generated from cloud water when

temperature falls below 0oc. They occur in a large number of shapes or "habits".

Since the fundamental ice crystal has a hexagonal form, the basic ice crystal habits

are hexagonal. Some basic ice crystal shapes are shown in Figure 10.2. The most

fundamental of those shown are simple plates (a), and the solid column (b). Another

common form but much more complex is the dendrite (c). Dendrites can be planar as

shown or they can be three dimensional (spatial dendrites). The habits shown are

only the simplest of a large array of observed forms (see Magano and Lee [7]). A few

examples are shown in Figure 10.3.

Snow Flakes: These are formed by the joining together of ice crystals (an ice crystal

aggregate). Size is determined by the type of crystal and the length of the growth

process.

Ice crystals and snow flakes coexisting with cloud drops can become

"rimed". Riming is the process whereby supercooled drops are collected and freeze

on contact. Heavily rimed snow flakes have high liquid water content relative to dry
flakes.

Grauoel: Graupel is a precipitation form which is like spongy hail. Graupel is formed

by heavy riming of some embryo such as a frozen rain drop, large ice crystal or a snow

flake. Continued riming produces a sponge-like ice particle with a great deal of

entrapped air. Densities can range from .1 to .8 gm/cm3 depending upon the growth

process.

Hail: Hail is similar to graupel except that in the coalesence process, the liquid water

flows around the embryo before freezing. Long trajectories under appropriate

conditions can generate very large diameter precipitation. The long effective

trajectories required for hail generation are made possible by the strong updrafts

which exist in the convective storm. Hail embryos are carried to high levels in the

updraft, growing in the process. They can then continue to grow as they fall through

regions of high liquid water content until they finally reach the ground.
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Figure 10.2 Fundamental Shapes of Ice Crystals

Figure 10.3 Partial Classification of Natural Ice Crystals (from Magano
and Lee) [7])
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1 0.3 Storm Generation

Convective storms are generated when latent instability in the atmosphere is

triggered by the onset of local vertical motion. Initiation of this vertical motion may be

due to local surface heating or to mechanical lifting by orographic features or frontal

surfaces. Whatever the triggering mechanism, the results are the same. Moist air from

lower levels is caused to rise until the air parcels find themselves in colder

surroundings. The parcels then accelerate upward by virtue of the buoyancy forces,

converting water vapor to liquid water and subsequently liquid water to ice.

Tremendous quantities of energy are released (of the order of 1015 Joules in a single

cell [8]). The potential for storm generation is demonstrated in the sample sounding

shown in Figure 10.1. If the moist air in the _ayer between 950 and 850 millibars were

caused to move upward as shown, saturation would occur quickly and the temperature

of the rising air parcels would then follow the moist adiabat (saturation lapse rate). At

the level just below 750 millibars, the rising air would become warmer than the

environment air and therefore begin to accelerate upward, converting water vapor to

liquid water and ice in the process. When the ascending air approaches the 200

millibar level, it again encounters an environment that is warmer than itself and hence

begins to decelerate and form the cloud top. Just as upward accelerating air causes

horizontal convergence (entrainment), decelerating air leads to horizontal divergence.

This latter process generates the characteristic "anvil" tops characteristic of severe

convective storms.

Since cloud tops are generally above 30,000 feet, they consist mostly of ice

crystals which give the anvil tops a fuzzy, diffuse appearance. The structure of a

typical air-mass type convective storm is shown in Figure 10.4. This type of storm has

a life cycle depicted by the three stages shown. The generation stage (a) is triggered

by local surface heating or by surface features such as a mountain. It is characterized

by an increasing updraft and a rapidly building vertical cloud. The mature stage (b) is

reached when the cloud top spreads out to form a typical "anvil" and a heavy column

of precipitation penetrates the updraft to the ground. In this type of storm, the

precipitation column broadens as the storm matures and eventually quenches the

updraft. The dissipation stage (c) is characterized by fairly broad precipitation and

generally downward moving air.

The typical structure of a severe convective storm is shown in Figure 10.5.

Important features of the severe storm are the tilted updraft and the quasi steady state
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flow pattern. This type of storm can persist for several hours with individual cells being

continuously generated and regenerated. It is easily seen how this type of storm can

produce large hail by virtue of the long trajectories of the hail embryos in regions of

high liquid water content.

As a result of the complex dynamics of the storm operating through a deep

layer of atmosphere, water vapor is converted to liquid water and then to various ice

forms. Conversion in the opposite direction is also occurring because of downward

motion. The cloud physics processes taking place are numerous and complex, and a

number of different types of hydrometeors may be formed. Several forms can exist

together. A detailed discussion of the physical processes involved is beyond the

scope and intent of this report. However, Figure 10.6 shows a flow diagram of the

known convective storm processes. A brief description of each process is given in

Table 10.1.

10.4 Storm Electricity

In addition to the heavy precipitation and violent air motions, convective

storms generate a great deal of static electricity. The coexistence of strong vertical

motion, differential particle terminal speeds and various particle charging mechanisms

turn the storm into an effective electrostatic generator. Charge centers of opposite

signs develop and intensify until an electrical breakdown or discharge takes place

from the cloud to ground or between charge centers within the cloud.

The mechanisms that separate charges in a storm are the strong vertical

motions and the differential terminal velocities of the various particles present. Cloud

droplets and ice crystalshave low terminal velocity and are carried upward in the cell,

whereas rain drops, graupel and hail have high terminal velocities and are left behind

or fall out, thereby creating the separated charge centers.

In combination with the differential motion of the hydrometeors, several

charging mechanisms are operating to produce the charged particles. Investigations

into these mechanisms continue as most are still not well understood. However, a list

of possible mechanisms is as follows:

$_)lective Ion Capture [11]. This mechanism involves the existence of different

mobilities of electrons and positive ions. Selective capture of electrons by cloud
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Table 10.1

Key to Figure 10.6

Symhol Meaning

E)I HO%I

J)IACR

/uR ACI

])P. At.'T

. ])i,' _,C'_,'

g°RE V,,

JDRAC _

]JSAC_V

/)$ACR

.PSAC!

•PSA UT

,PSF'W

PSFI

_D$12 E P

PSSU B

l'a^t'r
Pc._

J:'GACw
l_;ACl

PGA('R

PC. _CS

_;$1'B

_G _I L T

_G'bvi:T

Melting of cloud ice to form cloud water, T a To.

Depositionai growth of cloud ice at expense of cloud
water.

Homogeneous freezing of cloud water to form cloud
ice.

Accretion of rain by cloud ice; produces snow or

graupel depending on the amount of rain.
Accretion of cloud ice by rain; produces snow or

graupel depending on the amount of rain.
Autoconversion of cloud water to form rain.

Accretion of cloud water by rain.
Evaporation of rain.

Accretion of snow by rain; produces graupcl if rain o-
snow exceeds threshold and T < To.

Accretion of cloud water by snow; produces snow if

T < To or rain if T ;_ To. Also enhances snow

melting for T ;_ To.

Accretion of rain by snow. For T < To, produces
graupel if rain or snow exceeds threshold; if not,

produces snow. For T ;_ To, the accreted wa:er

enhances snow melting.

Accretion of cloud ice by snow.

Autoconversion (aggregation) of cloud ice to form
snow.

Bergeron process (deposition and riming)---transfer of
cloud water to form snow.

Transfer rate of cloud ice to snow through growth of

Bergeron process embryos.
Depositional growth of snow.
Sublimation of snow.

Melting of snow to form rain, T _ To.

Autoconversion (aggregation) of snow to form graupel.

Probabilistic freezing of rain to form graupel.

Accretion of cloud water by graupel.

Accretion of cloud ice by graupel.

Accretion of rain by graupel.

Accretion of snow by graupel.

Sublimation of graupel.

Mehing of graupel to form rain, T P- To. (In this

regime, PG_CW is assumed to be shed as rain.)

Wet growth of graupel; may involve PG,CS and Pc,,c:
and must include Pc_c_ or PoAcu, or both. The

amount of Po,c-w which is not able to freeze is shed
to rain.
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droplets creates a negatively charged region. Precipitation particles falling through

this region can carry away negative charge leaving a positively charged region.

Induction Charaina [12], [13]. Induction charging involves non-coalescing collisions

between particles in an electric field. Precipitation particles are polarized by the field.

If relative motion occurs between particles in the direction of the field, opposite charge

is carried away by each particle involved in a glancing or non-coalescing collision.

Freezing Potential Charging [14], [15]. When water begins to freeze, it has been

shown that a potential develops between the water and ice, the ice being negative.

Therefore, when a water droplet impacts an ice particle and water fragments are shed

from the ice surface, the ice particle is left with a negative charge and the water

fragments carry away positive charge.

Charging During Riming of Graupel [16], [17], [18]. When an ice crystal impacts a

graupel particle in the riming process, positive charge is left on graupel and negative

charge is carried away by the ice crystal. It is possible that the two different ice

surfaces possess different work functions because of the differing growth mechanisms,

i.e., vapor diffusion for the ice crystal and capture of supercooled water in the case of

the graupel. Charging may also occur when ice splinters are shed as riming takes

place. The sign of the charge carried away appears to be a function of the cloud liquid

water content as well as temperature.

Evaporative Charging bv Ice Crystals [19]. This mechanism involves the release of

positive ions by the complete evaporation of small ice crystals near cloud tops, while

larger ice forms retain negative charge. The evaporation process cools the air parcel

and the parcel sinks through the cloud carrying the negative charged particles with it.

During this sinking process, the positive ions migrate to the surrounding cloud, leaving

a negative charge region at lower levels.

The above list of charging mechanisms is not necessarily complete but does

include most of the processes believed to be active in storm electrification. At one

time, it was thought that the inductive charge transfer mechanism played the major role

in storm charging. However, it is now believed that this mechanism cannot produce

the electrification typical of thunderstorm conditions on its own. The main charging

mechanisms presently considered to be responsible for strong electrification are those
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dealing with ice particles interacting with water drops and with other ice crystals.

Mechanisms other than those listed certainly exist and the whole subject of cloud

electrification is the source of much debate at present.

10.5 The Hydrometeor Environment

From the previous discussions, it is clear that the water and ice environment

in a severe storm can be quite complex, and a multitude of different shapes, sizes and

water forms is possible. In many cases, several different particles can coexist in a

storm region. In most cases, the possible range of particle parameters spans orders of

magnitude. Table 10.2 gives a condensed summary of possible cloud particles with

nominal ranges given for each parameter as well as typical mean values where

possible.

10.6 Simplified Hydrometeor Environment for Modeling

It is seen from the preceding discussions that actual precipitation particle

environments can be relatively complex, highly variable in space and time, and can

differ greatly from storm to storm. Fortunately, some selection criteria are available that

permit considerable simplification of the hydrometeor environment for penetrating

aircraft strikes. First, statistics for lightning strikes on penetrating aircraft show two

distinct maxima relative to flight altitude. These data are shown in Figure 10.7, and in

Figure 10.8 [20]. Second, experimental storm penetration flights for the purpose of

measuring lightning are directed clear of high radar reflectivity zones. Thus, regions of

heavy precipitation such as heavy rain, hail or graupel are avoided. Indeed, the strike

statistics for the NASA F106B flights given in Figure 10.7 indicate that the majority of

strikes were encountered in regions of zero or negligible precipitation. Finally,

measurements made of lightning sources by NOAA/National Severe Storms

Laboratory [21] utilizing VHF mapping techniques show two very marked source

maxima centered at 12 km and at about 6 km. These data are shown in Figure 10.9.

Utilizing the above criteria, two relatively simple environments can be

established. The first region is at an altitude of about 10 km and the second at an

altitude of about 3.5 km. Several strike scenarios are possible within these two

regions as shown in Figure 10.10. The aircraft may encounter a branch of the

discharge as in (a) or (b), or may become part of the main channel as in (c) or (d).

142



m

I-

ill
i,.=
I.LI

er"

O
I,LI
I--
Ill

O

3::

IL
O

0 _-

U
°_

4-_ ¢-
U

oe- O

0

!
o

0
O0

-_ eO

or-

e.) !

O

m E
o O

o E

U r-
•,-- _ I X

U
_ _0
O C) -"--*

t

E

°e--

S-

I

"_r--
:::=1
O O

L

O

!
o

O

I
o
it'--"

I:::

O

i E
O

E

O

X Q

C'x,J ,,--*.'
O

-f- O

O

o

O
O

!
O
O

I
O

X

m E

O

o E

X

C,,.I

E

O

m C)

O

oo
, r_

v

U

O

I:::::

O
O

!

o

O

O

I
O

l::::

o

I

I
r-,.-.

>

1=:

O
O

!

O

O

!
O

E

E

143



I

_J

4J
ow-=.
4J
p...
<_

12

l0

8

6

4

2

0

! I

l 2

Strikes/Penetration

L

(,,'3

i¢_
O

S-
GJ

./3
E

I00

80

40

Negli. gi bl e

Light

Moderate

Relative Precipitation Intensity

Heavy

Figure 10.7 Thunderstorm Penetration and Strike Statistics

for "Storm Hazards", 1980-82.

144



2. 3.

]

]

.

|

0 lO0 lO 0 lO 0 lO 20

% Strikes (0-20%)

I. U.S.A. (Plumer 1971-75)

2. Europe (Anderson 1966-74)

3. U.K./Europe (Perry 1959-75)

4. U.S.A. (Newman 1950-61)

Figure 10.8 Aircraft Strike Statistics for Low Altitude Flights

16

12

8

.r--

4.->

4

", |

I
' I

!

J MinorI

-I
| Flashes
,I- .,,I, I

r--'
I; _ I L -,

Major _r.._]

r_ Flashe_. 'j

r[J - - _.I

-----'/ | ...... *

h I I ! I l I

0 20 40 60 80 lO0 120

Number of Sources

Figure 10.9 Altitude Distribution of VLF Sources for Storm I, 6/19/80

145



i_+_!__i - _1_, i i lt I # / i I t

Low

/ / / I J

Figure 10.10 Possible Lightning Strike Scenarios for High and

Low Flight Paths

146



The specific particle environments for the high and low altitude cases

chosen are as follows:

1. The High Altitude Environment

Altitude

Temperature

Pressure

Air Moisture Content

Particle Type

Particle size

Particle Shape Factor

Particle Concentration

Ice Dielectric Constant

Ice Conductivity

Particle Charge

10 km

-45Oc

260 mb ( 195 mm Hg)

0.17 g/kg (.065 g/m 3)

Ice Crystals

(a) Hexagonal Plates

(b) Hexagonal Columns

,I-1.0 mm (large dimension)

(a) Plates - Diameter = 25

thickness

(b) Columns - Lengt h = 4
Diameter

104/m 3 to I05/m 3

100 - 200 (static)

2 x 10 -? mho/m - l x 10 -5 mho/m

0 to 150 pC (positive)

° The Low Altitude Environment

Altitude

Temperature

Pressure

Air Moisture Content

Particle Type

Particle Shape

Particle Size

Particle Concentration

Particle Dielectric Constant

Particle Conductivity

Particle Charge

3.5 km

+ 5°C

g00 mb ( 675 mm Hg)

6.0 g/kg (6.0 g/m 3)

Cloud water droplets

Spherical

5 - 20p dia.

108/m 3 - 10g/m 3

80 static

10 -4 mho/m - 10 -3 mho/m

0 to 150 pC (negative)
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10.7 The Role of the Thunderstorm Environment in Modeling

The previous sections in this chapter describe the thunderstorm environment

in some detail. The last question to be considered is the use of this environment in the

lightning aircraft interaction modeling. The most important new item to be added to the

modeling process is the presence of particles. These particles, because they have

finite conductivity, alter the electric field distribution locally. Factors of three to ten are

likely for local field enhancement factors, depending on shape and orientation of the

particles. Because of this local field enhancement, the presence of particles in the

environment makes the propagation of a lightning channel (especially the leader)

easier. That is, the channel may propagate from particle to particle faster than it could

move through clear air. A particle may even act as the initiating trigger of a lightning

event if it happens to be in a high field region, and enhances the field locally enough

to produce corona and air breakdown in its vicinity.

Where modeling is concerned, the most important parameters from the

thunderstorm environment are the density, size, shape, and electrical characteristics of

the particles. These parameters vary as a function of position in a storm, mainly

because of temperature variation with altitude. The goal of future modeling efforts is to

incorporate the information reported here of the thunderstorm environment into linear

and nonlinear lightning aircraft interaction models. The first step in this direction is

reported in the next chapter, where the field enhancements around typical ice particles

are determined.
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CHAPTER 11

FIELD ENHANCEMENT FACTORS FOR TYPICAL ICE CRYSTALS

In the high altitude, low temperature thunderstorm environment in which the

F106B has encountered most of its direct lightning strikes, the most prevalent particle

is the ice crystal. Because these ice crystals have a finite conductivity, enhanced

electric fields exist in their immediate vicinity. Also, since the crystals can have quite

irregular shapes, the field enhancements can be quite large. The enhancement does

not extend very far from the crystal, only about one crystal dimension. However, it is

possible that the small volume field enhancements produced by an ice crystal could

aid in the propagation of a lightning channel. It is therefore of some interest to

investigate the field enhancements which exist around typical ice crystals.

The electromagnetic properties of ice crystals were discussed in some

detail in Chapter 10, so only the most pertinent will be repeated here. The ice relative

dielectric constant for static fields varies from 100 to 200 and the conductivity from 2 x

10 -7 mho/m to 1 x 10 -s mho/m. These quantities allow one to calculate the relaxation

time constant for the ice. This is approximately the time that it takes for the charge on

an ice crystal to reach a static distribution when the crystal is placed in an external

electric field. The time constant is given by E/_, where E is the dielectric constant and

the conductivity. Using the numbers above, the time constant is seen to vary from

approximately one microsecond to ten milliseconds. This is the time in which an

enhanced field will be created around an ice crystal. For times longer than this, the

enhanced fields can be expected to exist around the crystals. The relaxation time

constant is important because of the turbulence which generally exists within a

thunderstorm. The ice crystals are continually changing their orientation with respect

to the ambient electric field because of the turbulence. The time scale for these

changes of orientation must be longer than the previously calculated time constant in

order for enhanced fields to exist around the ice crystals.

If one postulates an uncharged ice crystal at rest in an ambient electric field,

the only things important to the calculation of the enhanced fields are the shape of the

crystal and its orientation with respect to the field. The shapes analyzed in this chapter

are the fundamental shapes shown in Figure 11.1. The first is a six sided column and

has a length to diameter ratio of six. The second is a six sided plate with a diameter to
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thickness ratio of twenty-five. The third is a somewhat more unusual shape and is

included to give some indication of the enhanced field around a typical crystal. Its

diameter to thickness ratio is also twenty-five.

The enhanced fields around each crystal were calculated by placing the

crystal in a finite difference problem space containing a uniform ambient electric field

of one volt per meter. The crystal itself was assumed to be perfectly conducting,

because the static field distribution around finitely conducting and perfectly conducting

objects is the same. Three orientations of each crystal with respect to electric field

were investigated. The first orientation had the field oriented along the axis of the

crystal; that is, along the long axis of the column and perpendicular to the plane of the

plate. The second orientation had the field perpendicular to the first orientation, across

the diameter of the column and in the plane of the plate. The third orientation had the

field perpendicular to the first two orientations, also across the diameter of the column

and in the plane of the plate. The third orientation is different from the seconc because

of the asymmetry of the six sided crystals in a cartesian coordinate system. However,

the enhanced fields are only slightly different for the second and third orientations.

The maximum local fields for each of the crystals at each orientation are presented in

Figures 11.2 to 11.4. Note in particular that the largest field always occurs near an

edge or point of the crystal, as expected. Note also that the field orientation

perpendicular to the planes of the plate-shaped crystals produces no field

enhancement. This latter result is an artifact of the finite difference model of the

crystals, which used only one cell for the thickness. In reality, there would be some

enhancement of the fields, and the largest field would be slightly greater than one volt

per meter and located around the edges of the plate.

It is significant that the magnitude of the enhanced field is comparable to

that on the F106B when it is flying in an ambient field. This implies that when corona

exists around the F106B, it will also exist around the ice crystals in the environment.

Hence the presence of polarized ice crystals near the F106B could aid in the initiation

of a triggered lightning discharge to the aircraft. It should be clearly understood,

however, that the enhanced field around an ice particle is a purely local phenomenon,

because of the average separation between particles. Particle sizes range from .1 to 1

millimeter, so enhanced fields cannot exist outside of a sphere about three millimeters

in diameter centered on the particle. The average separation of the particles varies as

the cube root of the particle density, which peaks at about 10 s particles per cubic meter
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at high altitude. Therefore, the average separation is approximately two centimeters,

or a factor of almost ten larger than the enhanced field region. Collective processes

involving the interaction of enhanced fields should then be rare, at least previous to a

lightning event. After discharge initiation, the much larger local electric fields around

the discharge may make collective effects more likely.

To understand the importance of particle field enhancements, consider first

the F106B flying in clear air in an ambient electric field. Enhancements of about ten

times the ambient field are seen locally around the nose for a field oriented along the

fuselage. Next assume a particle drifts into the volume where the enhanced field

exists. The particle, if properly oriented, can produce another field enhancement of up

to ten above the already enhanced field. This results in a local field around the

particle which can be a factor of one hundred larger than the ambient field magnitude.

Therefore, corona and possible air breakdown could conceivably occur in ambient

field magnitudes as low as 10 to 30 kilovolts per meter, depending on altitude.

Because particles can act to enhance already enhanced fields, they could possibly act

as triggers for the initiation of triggered lightning strikes to the F106B. This possibility

will be investigated in future work on the initiation of lightning.
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CHAPTER 12

SUMMARY AND CONCLUSIONS

The present effort has concentrated in large part on inflight data gathered

during the 1983 and 1984 thunderstorm seasons. Only a minimum amount of data

from 1984 has as yet been analyzed in the depth of detail desired, but the multisensor

character of the data holds great promise for future understanding. Classification of

measured data from two years of flights has been completed, and the division into

distinct categories, when coupled with linear and nonlinear modeling, allows some

conclusions to be drawn. In particular, certain categories of waveshape can be shown

to correlate with particular lightning attachment patterns. Ratios of peak response

amplitudes can also give information on attachment points, and in addition, provide a

quick and easy way to compare measured to calculated data.

The linear lightning model developed and applied in Chapters 3 and 4 is

very useful in an engineering sense. It gives the analyst a way to systematically

determine the shape and amplitude of the lightning current based on a few simple

assumptions. The great utility lies in the fact that the model is linear, and is therefore

much more easily and quickly used in investigating a lightning event than the more

powerful, but cumbersome, nonlinear models. The linear model has been used to

determine that lightning channel impedance (as determined by channel diameter) and

resistance per unit length are relatively unimportant when dealing with sensor

responses on the F106B. That is, the sensor responses are very strongly dependent

on the entering current waveform, but only weakly dependent on the actual channel

characteristics.

A skewed angle nonlinear parameter study has been partially completed,

with electric field orientations not along principal aircraft axes. The study has been

completed only for zero and negative net charges on the aircraft. The results are quite

different from those in which the electric field is oriented along a principal axis. This

implies that field orientation is important in the types of responses expected on the

F106B. This may be true even for relatively small angle differences, such as twenty

degrees or less.
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A skewed angle nonlinear parameter study has been partially completed,

with electric field orientations not along principal aircraft axes. The study has been

completed only for zero and negative net charges on the aircraft. The results are quite

different from those in which the electric field is oriented along a principal axis. This

implies that field orientation is important in the types of responses expected on the

F106B. This may be true even for relatively small angle differences, such as twenty

degrees or less.

One goal of the NASA program is to intercept lightning strikes at low altitude.

Lower altitude strikes are likely to be of largei" amplitude, and if a main cloud to

ground channel were to be intercepted, could range to as high as 200 kiloamps. To

determine approximate response levels for this type of strike, a nonlinear model was

developed in which a large current was injected at the nose of the F106B. The

calcu!ated response levels can be used as a guide in setting sensor sensitivity for

possible cloud to ground strikes. It is also important to notice from the results that

corona shielding and damping effects make any linear extrapolations from one aircraft

to another questionable.

The ultimate goal of the NASA program is to characterize the lightning

environment for all types of aircraft. Therefore, it is necessary to understand the

responses of various aircraft to a triggered lightning environment. In this report, the

triggering environment has been investigated for five aircraft. The results show that

the shape of the aircraft and its orientation with respect to the ambient electric field are

the major determining factors in whether the aircraft will trigger a lightning strike. The

shape of the aircraft determines the minimum field necessary to produce lightning, and

the orientation determines how far above the minimum field the actual strike will occur.

Comparisons have also been done of the response amplitudes and waveshapes

calculated for the different aircraft. The results show that linear scaling arguments are

useful only in a qualitative sense, and that nonlinear calculations are necessary to get

quantitative comparisons.

In an effort to model the initiation of a lightning strike beyond the first

microsecond, an enhanced two dimensional nonlinear model has been developed. It

includes the effects of electron temperature and molecular vibrational energy states in

a fluid model containing charge, momentum, and energy conservation equations. The

model has been applied to only one experimental situation, and needs more
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verification. It also needs more analytical work to make it as computer efficient as

possible. It is hoped that the model will eventually be able to follow the glow to arc

transition in a lightning discharge.

The importance of enhancement factors in determining the ambient field

levels at which triggered lightning will occur has motivated the development of the

three dimensional subgrid model. This model allows one to resolve in greater detail

sharp points (such as the nose) of an aircraft. Because the sharp points are often the

places where a discharge originates, the resolution there is important. In this report,

the final development and testing of the subgrid is documented. The first application,

around the nose of the F106B, is also documented. The results show a significant

increase in the field enhancement factor over the model without the subgrid. This

leads one to believe that even more resolution may be necessary to finally determine

maximum enhancement factors.

The thunderstorm environment has also been investigated. The particle

characteristics at various altitudes will be used in the future to better determine the

conditions required for triggered and natural lightning. As a first step, the field

enhancement factors around typical ice crystals have been calculated. These factors

are similar to those found on the F106B, and can cause large local enhancements

when placed in the already enhanced fields existing around the F106B. Future work

involves incorporating the effects of these particle enhancements in linear and

nonlinear models.

Future application of the work presented here includes several objectives.

The nonlinear parameter study will be completed for the positive net charge values. It

may also be extended to a finer matrix of field orientations, because of the great variety

seen in the responses with the orientations used to date.

The enhanced nonlinear model will be examined in detail in order to

determine ways in which it can be made more efficient. Physical processes which

have little effect will be eliminated or approximated in less detail to increase

computational speed. The model will then be applied to physical problems and

experiments to ascertain its range of validity.
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The subgrid will be applied in both linear and nonlinear models. This will

provide an answer to whether the nose boom of the F106B is important to the

responses seen on the aircraft. It will also determine whether there is some threshold

volume of high electric field necessary to initiate a lightning discharge.

The thunderstorm environment, and in particular the particle environment,

will be incorporated into lightning models to determine its effect on trigger levels and

responses. It will also be investigated in connection with the lightning initiation

conditions, because particles may play a significant role in this process.
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APPENDIX A (D-dot)

PLOTS OF THE 1983 IN-FLIGHT LIGHTNING DATA
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Figure A.11 (b) D-dot Category 11 (continued)
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APPENDIX B (B-dot)

PLOTS OF THE 1983 IN-FLIGHT LIGHTNING DATA
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Figure B.1 (a) B-dot Category 1
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Figure B.1 (b) B-dot Category 1 (continued)
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Figure B.1 (c) B-dot Category 1 (continued)
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Figure B.1 (d) B-dot Category 1 (continued)
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Figure B.3 (b) B-dot Category 3 (continued)
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Figure B.3 (d) B-dot Category 3 (continued)
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APPENDIX C

LINEAR TRANSFER FUNCTION MODELING RESULTS

The overlays in this appendix are discussed in Chapter 4. They are in sets of
six plots with the calculated data (solid line) overlaid on the measured data from
Flight 84-017 (dashed line).
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APPENDIX D

SKEWED ANGLE PARAMETER STUDY

The plots in this appendix were discussed in Chapter 5. The legend beneath

each plot gives the magnitude of the electric field, the net charge on the aircraft,

and the orientation of the field. The field orientation is specified by the letters X,

Y, and Z. These refer to coordinate axes as shown in Figure 1.1. For each letter

that is present (X, Y, or Z), the ambient field has a component along that

direction. All of the components present are equal in magnitude. For example,

the notation X, -Y, Z means that the ambient field has components along the X

axis, the negative Y axis, and the Z axis. All these components are equal in

magnitude and combine to give a resultant magnitude shown in a particular

legend.

D-I



36, ! 7.6J

3, 8g

24.

-- .BE

-4 -?.m
.IM l.e9

TZNE (S(C) (.X 1,£-B61

(R)

i"

1
.m .Sl ],EIB

TIN( (._EC] tX 1.E-DG)

(e)

(C;

L
,Sir

TII_ (SEC) (X 1,(-!161

|O)

).H

Figure D.la X,Y; Q = O; E = 2.5 x 10 5 Volts per meter

D-2



1.71

• B!

-.TE
.,i,

, ],2_,

.611

I_.o
' -h2,

!

I

..SB J.BB .BB .51 hBB

TIME (5EC) (X J.E-B61 TIRE (SECI IX I.E-B61

(E] (F)

• IB .511 1. BE . lib

TIRE ($EC! IX I.(-HI

(G1

• 5B 1. BB

TIRE fSEC] IX I.E-f61

{H)

Figure D.Ib X,Y; Q = O; E = 2.5 x 105 Volts per meter

D-3



3e.m

3_m

,N

m .Sit ].R

ml

i _,7/

.m

-7om

Figure D.2a X,-Y; Q = O; E = 2.5 x 10 5 Volts per meter

D-4



|,,_ i

%

-].5_ i
.H .._! l.Re

TrPE ($E_] (X 1. Ir-I_SI

!

i -.51

.H .SII I.H
T|tlE (._EC] IX 1oE-I!61

(F)

1. 1.34

- _. •

"o ,_

-Io _ -1.711
,M .5ll 1.m .Pll

Tiff( (SEC] iX l,,E-It61

tG]

,SII ).il9
TEPIE (.SEC) IX 1.(-il61

(14)

Figure D.2b X,-Y; q = 0; E = 2.5 x 10 5 Volts per meter

D-5



3._

o Jim

-3.6!

-JB, B=
.BE .SB 1,BB

TIIIE (5EC] iX J.E-B6!

(RI

1.2:;

.61

.BB .Sf I.EB

TIHE (SEE) [X ].E-B6I

(B]

]4.7J

-- 9, 8J

i 4.9B

-4.4: I i
,BB .SB ].BB

TIHE (SEE] iX l.E-J6]

[D)

Figure D.3a -X,Y; Q = O; E = 2.5 x 10 5 Volts per meter

D-6



!

.EM .S| i.lm

"rlIqE (5(C1 IX 1.(-ilSl

(Fi

(G) (H)

Figure D.3b -X,Y; Q = O; E = 2.5 x 10 5 Volts per meter

D-7



illv

.im .sB 1.19)

TItrE (SELl IX I.Z-B6)

(1:11 (111

2.

-4.

4. -4.lt1_- -:
.Bil .SJ I.M .U

VINE IS(C) |X I.(-H!

(C!

.S|

TIN( (SEg! IX I.E-16)

(D!

l, ill

Figure D.4a -X,-Y; Q = O; E : 2.5 x 10 5 Volts per meter

D-8



.It ,Se |.m .U .Sil l.m
T[rl_ (.9[(:) _ 1,(-_1 TIN[ (SI[C) (X I,[,-16]

[G (.r)

.t .Sg loJ lUl

(G)

.SJ! l.W
TL'S[ [._(1 (X 1.(--161

(l'l)

Figure D.4b -X,-Y; Q = O; E = 2.5 x 10 5 Volts per meter

D-9



(AI

!

3t
--.7

.H .SJ! I,BB

TIME (S]_() (X).(-16"l

(D)

1o16

i .S(

.me

.M .Sll l.m

TIHE (SEC) (X 1,(-1161

tC)

IS.lIB

3.J_

-2.6e

-5.2J
.llil .S; I.B

TIME (SE(] IX J,E'-n!

(D)

Figure D.Sa Y,-Z; O = o; E = 3.2 x 105 Volts per meter

D-lO



TIME (SEC} (X I.E-B61

(El

.5B 1.H

TIME (SEC] (X 1,E-B6]

(F)

Figure D.5b Y,-Z; q = O; E = 3.7 x 10 5 Vo]ts per meter

D-ll



,t._

!.°

!

 ilI.
,9 J.ae ..W

TIN_ (S(C) (X 1.(..pin

4LIe' _ Ir , ,

.m .Sll
TI_ r_C] iX IoE-iI_

{RI ilS)

-1°u

|

.,oC_

-2.M
.BoB .SI! l.J .Se

TIME (SLr_ iX I.E.'Ri TIIqIEtS_,CJ (X I.('.K!
t() U))

).N

Figure D.6a -Y,-Z; Q : o; E : 3.? x 10 5 Volts per meter

D-12



1

l.n

Figure D.6b -Y,-Z;Q = O; E = 3.7 x 105 Volts per meter

D-13



.91

(B|

i -2.7B

er

-S. 411

--13.1!

• 8ff
I

.5ll

TIRE (SEE) IX I.E-B6!

._ 1.5J

• 75

E

-1.71

-3.42
I.BB .M

[CI

' I

,511

TZHE [SECl IX I.E-|61
loEB

{O]

Figure D.Ta Y,Z; Q = O; E = 3.7 x 10 5 Volts per meter

D-14



.R .SJ I.H .BB .SJ l.m

TIHE (SEE) IX 1.E-86) TINE (SEE) IX J.E-J6!

{G_ iH)

Figure D.?b
5

Y,Z; Q = O; E = 3.? x 10 Volts per meter

D-15



.9]

.R',

-l. )Jg

-2.21

--3,3J

2.1

i -I. 60

-3._
,M .S_ ],M .llg ,Sl l.i

T[I_ [.T_(] (X 2o[-86! TII_ (S(() iX 2,(-J}61

(FIJ CB)

Figure D.Sa -Y,Z; q = O; E = 3.7 x 10 5 Volts per meter

D-16



3o_a

JSJ.m

-Z]Lm

!

I

I

,Sa
TU_ {S_l (X I.(-M)

(El

).!18

(;)

62J, m

_J.Je

i -_.U

,m .si .I.m

TIH( {SLg:)IX l.E-II6t

OO

Figure D.8b -Y,Z; q = O; E'= 3.7 x 10 5 Volts per meter

D-17



)e,31

!
Q

• B!

-|°

.DM

!

I

.SB l,llll

1"I/_ (5"_) (X 1.[-BI!!

4.111

-! 2.dJ

d

_, -2._-

A_

!

.SJ ]. Jill

TIM[ ISEC) _ I.F-H)

(RI 19)

4.2D

-.6_

-1.3
.B

?

6.3J

4.2e

2.1J

.m

I

I

-2, IlJ '
,SII .m ,SII

TIHI_ (S(l'] IX ].(-JlGI TIN[ (SEC) IX j.[-116!

(C) (D)

l,lla

Figure D.ga X,-Z; Q = O; E = 2.2 x 10 5 Volts per meter

D-18



I'-

..J

766.69

38J. ill

• Bg

-286.e9

/

.56

TIME (5"((:) (X 1.(-e6!

(E!

2N. eJ

w

I . B:

-15B.BB

• 511 1.66

TIME (SEE) IX 1.E-661

IF)

I-
w

I
em

546.66

_76. B£

-23m, 6_ -

I
_D

54B.66

276.61_

• ec'

-32B. 61_

r/
AA

' --646.BJ
.S6 1.66 .i_ .Se

TIME (SEC) IX l.E-B6) TIHE (SEC) (X 1.(-661

(G] (HI

1.n

Figure D.gb X,-Z; Q = O; E = 2.2 x 105 Volts per meter

D-19



| ..

i -4.11

, . | ....

,Ta

| -

i -1.71

' -.3.U
m .SB ].J .m

tgl

,$| hM

I.S;

S
_. -=
|

. 3.211

.... ' ..... S.21
• R .SIP Z.I,I

TI_ _ iX ].(-.Ira!

;C)

,lip .S| hllJ

TIM( il[_l IX l.['lGl

fill

Figure D.10a -X,-Z;Q = O; E = 2.1 x 10 5 Volts per meter

D-20



tat

.J

c:

• SII 1. Sf

TIHE [SEE! IX l.E-II6!

,m.
trt

I--

IG} IH]

Figure D.10b -X,-Z; Q = O; E = 2.7 x 105 Volts per meter

D-21



64.J_

i 32.H

.BE

-I ]. BB

-22oBB
,Bll .SB

TIHE fSECi [X I.E-B§i

fill

I.BB

lil.6_

i S.3_

-5.3B
0

I

o51 ].U

TIME [.SEE! IX ].E-B61

{B!

]4.B 1 I"

7. Bf

>_, .ee

-4.7_

• 511 1. BB

TIM[ {SEE} IX |.E-B6)

(El

Ii.I

.r.
I1-

c;

w

t--
o
c:Z

!
c_

.18.6£

9.3E

i

-38.B_
.Bil .51_

TIME {5ECI IX I.E-II6I

{D]

].BB

Figure D.11a X,Z; Q = o; E = 2.7 x 105 Volts per meter

D-22



4'
bJ

Q

><
w

in
%,
t-

tJ

,..J

p.
0

¢:=

J,

i

-l.s_
i L

.SB

TZI_ ($[C3 (X 1.E-H!

(E!

].Bm

(F)

2.8e

'iw

• JlVS,

_o
-!. If

J

!

,5ll I.H

TIME (SEE) IX I.E-B6)

(G)

2.6B

1.31

x .B£

i -1.71

t

.511 I,B

TIHE (SEE] IX 1.E-It61

(m

Figure O.llb X,Z; q = O; E = 2.7 x 10 5 Volts pep meter

D-23



-I].B!

| 1,64

i -1,7|

' -3.4!
.511 l.lm .M

TINE LSEC) IX 1.E-HI

(R!

. SI! 1. BB'

TII'_ (SEE) IX IOE-I!61

(BI

.91

-1.84

-2.7_
.lIB

A

i_i V
-4o2=

.Sil I.M .U .511 1.1_

TIHE (SEC) IX |,E-J61 Tiff F' (5EC) IX l,E-JI8!

IC] ID]

Figure D.12a -X,Z; Q = o; E = 2.2 x 10 5 Volts per meter

D-24



/' °" '
V -vw

21 1
,H .SI I.M om .SII 1.R

T|_ (SF._ (X ]._.--aGI TII'R (S(C) (X I.(.-Je!

4tt. _ , 4_. n

o..- 1d°..
Ilia _i.o...... i .-

-)H._ -2_,m

.M .SI l.et .Im .$1

T|I,_ (_r..) IX I.I_-IM1 T1/I( tb'_) (X l,.8.-Jl_

(s) 0t!

).M

Figure D.12b -X,Z; Q = O; E = 2.2 x 10 5 Volts per meter

D-25



38. B_

24.m

_ 12om.

-2 o7E
°H

AA
V

I 6.21

k. iJl

-3. Ill

-.6.2
• SJ l. IHI . im

TINE (SLrC) (X ). (-eG)

[FII

|

.SI l.n

TIM[ (._() _ ]. E-K|

(6)

|

o

7.4J

3,TJB

I

IAA ^
r¥ Vvv

V

]2.(_|

6.31

.8:

-3.8J

AJ

-7.6;,
.Sl I.fB .H .S|

TIHE (SEC) IX ).E-BGI TIHE (_'TC] iX 1,(--161

(C) ID]

1.M

Figure D.13a X,Y,-Z; q = O; E-= 2.6 x 105 Volts per meter

D-26



).8J

.91

• B_

-.6_

98B'BI

4_. Bf"

i
-43B. eJ

.5fl

TIME ($E() (X 1.E-BG)

(E)

-SSB.B:
).H .M • 5J I. BB

TINE (SEC) IX 1.E-88)

IF)

I.
kiJ

,ms

X

In

..J

C:_

1.
bJ

X

w

n,.

o_

].26

• B-"

-.7_

tA
_/ V- -

.511 1.H

Title (SEe) (X 1.E-B6]

(1t)

Figure {].13b X,Y,-Z; Q = O; E = 2.6 x 105 Volts per meter

D-27



_8o111

12.N

.J

-2,7/

-' |

,N . ,f_! I , M

l"rl,E = _ I,IL'-B!
(A!

8,a

•m ,SI I.U

TI]_ t_O (X hE-itS1

(aJ

7.4_

3tTJ "

.K

-I.N •

-3.1_
.IU

AA.._
FV %t/ v_

12og

-7, Ii
.SII l.lS .1_ ,SI

TII_ L_C3 IX |,l[-dlSI TZliI[ (.qr_l (X li[-.BI

{C! ml

}°w

Figure D.14a X,-Y,-Z; Q = o; E = 2.6,x 105 Volts per meter

D-28



1.1_ F

,.,I

_ __..

-1.311
.JIB .S_

T{I_ (SEC! (X I.E-SS!

(E!

I.BIY

I.IG

.51

-.41

.BB .SII I.M

Tlnl[ (._C) tX l.lr-B6!

(F!

1.2 1 , _ 1..$714 II

-"

-1..% -1.
.Sf_ .SB I.IW .B ,58 1.IW

TIME [SECi IX I.E-II61 TIME (SECJ IX I.E-I6!

lg] II41

Figure D.14b X,-Y,-Z; Q = O; E = 2.6 x 10 5 Volts per meter

D-29



o71

I

.SB

T[ME (SEC] (X I.E-E6!

(A!

I.BB

I-"

.S!

.BB

TIME [5EC] tX 1.E-B6)

I !

.SIJ

(B]

L H

91111.B

x 4,_11.m

G;

:D
.J

-3M. lit
d_

|

,SB

TIME: [SE(:] IX 1.E-I!61

[C]

J,M

3.3£

i .c - f

-].21_

-2.4_ , m
.EB .5f l.Bf_

Title (SEC.! IX I,E-II6!

(D]

Figure D.15a -X,Y,-Z; Q = O; E = 2.8 x 10 5 Volts per meter

D-30



77

,a ,$B ),m .JOe .Sll I,M

¥1_ _ (X I.(-BIS_ TI_ L_L'I iX loll-n!

|E; [jr)

• H .SJl :I.H °IM ..qll l.m

TIME |SI_) iX 1,1[-nl TIME (_rl (X I,E.-I_

(El IHI

Figure O.15b -X,Y,-Z; q = O; E = 2.8 x 10 5 Volts per meter

O-31



|

!3. a_

g,21

.SB

T[14E (5_) r_ I.(-H!

J.B_

w

.J

!

4.4_

2,2/

.K

-).81

!

1

.Sll

T/HE I._CI IX l.(-nl

(el

].B

-2,71a -

-S. 4e
.BB

jl^
!

.5|

TIH( (._C) IX 1.(-Ill

|C]

|
VVv

7.4|

3.711

.R

-.I.M

-3. 61
1.M .H

I

)

.SB

TIHE (SECI (X I.E-II61

tD)

1.Be

Figure D.16a X,Y,Z; O = O; E = 2.8 x 105 Volts per meter

D-32



Z
0

.J

A

47B. BB

!

. SB

TiHE (sEe) (X I.E-M!

[E]

37B. BB

.BJ

-3IB.M

-62B.BB
I.BB .H

!

.511

TIME (SEE) IX 1.E-I!6!

IF]

1. H

[G]

33B. BB

!

.511

TIHE [SEC) IX 1.E-B6)

(1't]

//.t

I.BB

Figure D.16b X,Y,Z; Q = O; E = 2.8 x 10 5 Volts per meter

D-33



I.BB

.73

i .IB

2.U

...I

-.7!

I

i

.SI

TIHE (.SEC) IX ].[-JH31

(C)

1.24

I_ ,m:

-, 44

-. 88
I.B_ ,fW

I

.SJ

TII'IE CSEC! IX I.[-B61

{O!

I.H

Figure D.17a
S

-X,-Y,-Z; Q = O; E = 2.8 x 10 Volts per meter

D-34



H2.N

i • W

-S'/oBJ

|

 Vrl /

!

.SB

TIME (SEe) (X I.(-B61

(El

).lYe

2ql._

17.B.im

-12J._

!

.5ll ].IM

TIHE (5EC) IX I.(-B61

(F)

134,. n

flT.n

>,

!

"' -1211. H

m - i

.Sll 1.fro

TIME (SECI IX I.(-BG)

(G)

I--

&

oH)

F igure D. 17b
5

-X,-Y,-Z; Q = O; E = 2.S x 10 Volts per meter

D-35



t'*,J

I 4°8J

-2,n_
.B

|

p

.A _ J i

,5B ],M
TIN[ [-_C3 (X I.E4_

i ,°
-1,8!

!

.Sl
Tlt_ I.._C! IX l,E-J8]

lg]

1

J,lS

4. 4J!

2.2J

"° 6'_

-1,74

_. 41-

-'S,?|

-]l,_d
H ,.SJ l.n .B

TINE {._C) iX J.E-Jlgl

tC]

• !

.Sll 1,,m
TiI_ (SKC! IX l._.-16J

(D)

Figure D.18a X,-Y,Z; Q = O; E = 2.8 x 105 Volts per meter

D-36



. , S2g" l

• 261L

-3q5. . -22B.

-6815. B:' -44E. B " J
.1 .U ].gg .SJ .SI 1.H

Title fSLrC] (X J.E-BBI TIME (5[C1 IX I.E-BS!

R! IF3

.J

G
Q

688. gJ_

34B. B£

.gJ

-28B.JJ

• BB

T

.511 1.li8

TIME [$EI:! [X l.E-,ll6;

(G)

64B.B!

32J.m

- 4BEoI

!

-45H. BI
.H .511

TPlE fSEl:] fX ). E-JI6]

|HI

].H

Figure D.18b X,-Y,Z; Q = O; E = 2.8 x 105 Volts per meter

D-37



.M

i -3.7J

Q

&

!

• 5B 1. BB

TIME (SEC) (X )o(-B6)

(RI

1.22

.61

-l.Je

I

• SB 1. Be

TIME (S(C] IX l.E-IlGl

(B)

.53

-. 6_

..J

- -].24

-1.

....... v'v

. lib . SII 1. BB

TIM( (SE() IX J,E-B61

I. 26

.63

M,,I

r
_r-

c_
u'l

er
w

-1.51Z

?

• 5B 1. eg

TIM((5EC) (X I.E-B6)

(C) |DI

Figure D.Iga -X,Y,Z; Q = 0; E = 2.6 x 10 5 Volts per meter

D-38



3_.g

[[1

28J.m

)4J, m

-]3f.M

i

!
..%

TIM[ [S[C] IX I,E*BGI

[;]

1.H

3I_oN

l.U.m

-ISlt.a

-a21+.lll
,lg

"--"r

/
4L

.5a ).m
TINI[ (SLr_J (X I. E-IS)

(1t)

Figure D.19b -X,Y,Z; Q = O; E = 2.6 x 105 Volts per meter

D-39



,n

i -3.71B

-7.6J -I.IB

-]l,l! I -2._
.M ._ ].m .m

T[I_ (SEC] [X 1o£-B61

(RI [O]

- I w

.Sl ].M

T |PIE I._I'1 IX 1. E-I_!

Figure D.20a
5

-X,-Y,Z; Q = O; E = 2.6 x 10 Volts per meter

D-40



3,1_. BA- !

-18B.

-36B.
• B6 .5n ). Be

T[H( (SEC) (X 1.E-HI

(El IF)

p-

..J

L--*

&

fG)

326. Bff

ISB.BB

-I6B'B I

-32/_. BBs-
.BB

_m

.Sil

TIHE (SEE) (X 1.E-B61

(Hi

1. BB

Figure D.20b
5

-X,-Y,Z; Q = O; E = 2.6 x 10 Volts per meter

D-41



36.ee

i 24. N

,2..-

&

. B!

-.3.91
.M

T[I'E iS(C) (X ].(-XI

|.BB

(111

8.69

i 4.3B

w

•"J .B_
a:
I"

.SI!

T|ME (.,,_'E() iX l,(-161

iB)

].lnl

V'I

I
Q

7.8e

3.91_

-l. 7J

!

rv "-'

I

.SI!

TIH( (S(C) IX 1.[-B5)

(C)

3.92

4. .96hJ

w

I--

Z
C)

.J

I--
,-_

d,

-!. 44
J.M .J_

/

I

.SB

TIME (S1EC1IX ).F-n]

CO)

Figure D.21 X,Y; Q : -I/2 Qm; E : 1.4 x 105 Volts per meter

D-42



11

(Cl

1.91

4E

1,44
.B

!

|

.IIII

TZHF. r,._Cl IX 1.E-hi

mt

1.1111

Figure D.22 X,-Y; Q : -I/2 Qm; E = 1.4 x 105 Volts per meter

D-43



1.2_

i +
i o41

-.24

.BB .SB ].BB .BB .SB ].BB

TIHE (SEC) (X 1.E-BB! TiHE (SEC) IX I.E-B6I

IR) [B]

1.2 ¢.

,., .86

¢;
tat

,_1

p.
0
0

I

J3B.m

69. lie

.511

TIME ($EEI IX I.E-II6I

(D)

].BB

Figure D.23 -X,Y; Q = -1/2 Qm; E = 1.3 x 105 Vo]ts per meter

0-44



8_

i
• SB ). H

TII_ (5(C) (X I.E-H!

(R!

1.74

4.8f5

!

136. fl_-1.8 i
.flJl .SJ 1.M .f19 .SJ I.IW

TIHE (SEE) (X J.(-BGI T[HE (5EEI (X 1.(-B61

IE) (D)

Figure D.24 -X,-Y; Q = -1/2 Qm; E = 1.3 x 105 Volts per meter

D-45



1.2S

!
.B4

.BB .SJI ].BB

I"[I,IE {SEC) {X I.E-B61

11
"_' .64,

w

.H .511 ].BE

TIHE [..SEC) (X 1.E-liE1

IRI {B)

Figure D.25

5

Y,-Z; Q = -I/2 Q ; E = 2.0 X 10
m

Volts per meter

D-46



TIN (SEL") LX 1,E,.,/HJ] 'TIN l..q(C) IX 1.(-HI

I_ U51

3.l_J

Figure D.26 -Y,-Z; Q = -I/2 Qm; E : 2.0 x 105 Volts per meter

D-47



I. , I.¢4, ,

!

. :it......V, "a _

.M .Sf5 1.J515 .BB .SI ).ISB

TiME (SEC! (X 1.(-g61 TIME (SKI:) (X).E-BSl

(RI (B)

c;

G:

I
¢:

t--
w

Z
O
..I

t-
O
I=1

&

ll6.ef

SO.M

--S2. BJ

-124. g':.
.ee

I!

• SJl J. H

TIME ISIC) (X J.E-JlGI

(D)

Figure D.27 Y,Z; Q = -1/2 qm; E = 2.4 x 105 Volts per meter

D-48



.1111 .5Jt ].IW .B .$11 ).M

TIME (SEC) IX ).E-,JlG) TII_ ISI_C) IX l.(-l_l

(FII (D)

3.G_

i 1.81
w

-1.1_

I

.5B 1. ili!

TII,IE ($EC) (X ).E-B61

((]

]|2._

-gl.I

.1611.M_4__

.lle .5il 1.Bil

TIM( (SECI IX l.E-I_)

1131

Figure D.28 -Y,Z; Q = -I/2 Qm; E = 2.5 x 105 Volts per meter

D-49



45° Jg_

3BoM

]s,m

e_

.BB

L/ rv ,.,-

.SB ].M

TIME (SEC) |X l.E-Oel

(RI

1

! 4
! .,

]

-IV

.S|

TII_ ($[C) IX 1. (oll6)

(B]

1.Jil

c;

_J

_o
?
Cat

9l
4.

.Bl

-2. If

-4._
.BI

l
2._

4.
I. IB

t,-

Ilk -.74

-1.48 ,
.5ll I.M .mS .5B

TIIqE (.SI[C] iX l.lr-B6l TIME [.'_C1 [X ],E-B61

(C] (D]

1. M

Figure D.29 X,-Z; Q = -I/2 Qm; E = 1.3 x 105 Volts per meter

D-50



.ISB .$0 ).R .IM .Se IoU
?_ 1._0 |X ).5--hi TI_ L._'O IX |.(-n)

(C) K))

Figure D.30
5

-X,-Z;Q = -I/2 Q ; E = 2.? x I0
m

Volts per meter

D-51



33. BE , 9.8J

2'

0

!
¢:1 .m

4.911

!Q -3._

-9.4E ' -7.8B
.JIB .5B J.Jll .BB .SI!

TIHE ($EO (X 1,E-BE1 TIME [S[I_] IX I.E-E6)

Jill [B)

].lib

9]
4.

16.6la

B.3B

-4.6£

-9.2e
• BB

/
/
!

.BB .5B I.BB .5B

TIHE (SEC) IX I.E-B61 TIME ($EC! IX I.E-B61

(C] {D]

.1.BB

Figure D.31a X,Z; Q = -I/2 Qm; E = I.? x 105 Volts per meter

D-52



2.4_

1,21
w

- /

-.BT

.SB

TIME (SEe} (X I.E-BBI

[El

1.18

.S c

j-.. ° J'_'.

-1,_
] .JJl ,ill

I I

.SO l.f_

TIME ($E() {X I.E-JI61

{lr }

J,Sa

,79

-.s3

x

.SII I.B

TIHE [SEE] (X I,E:-B6!

[E]

I.$4

.77

-.95

,BE ,$1

Title (._;EC} IX I.E-Bb'I

(1t]

I.H

Figure D.31b X,Z; Q = -I/2 Qm; E = 1.7 x 105 Volts per meter

D-53



1.3 i

.8

.SB

TIME (5EC} IX I.E-BE!

.n I.BB

!
a.

?

• 98

• BE -J

-.64

-1o28
.BB

I

.5B l . JlB

Title [$EEI IX I.E--IIil

|C) ID)

Figure D.32a -X,Z; Q = -I/2 Qm; E = 1.5 x 105 Volts per meter

D-54



l::t T
-86

-eB.J

-172. BJ -172.
.BB .SJ ].IW .BE .SJ 1.M

T[Iq_-(_) (X I,E--HI TIHE (SET] iX I.E-HI

(El (F]

Figure D.32b -X,Z; q = -1/2 qm; E = 1.5 x 105 Volts per meter

D-55



36,. Ill i

w

C_

.f_

-2.
,BB

i

AJ
¥

.SB

T[HE (SECt (X ].I-B6)

[FII

|
. n"

I--
O

J.BB

-2._

!

A--A -- --

. w --

t
-S.U

,M o5| I.H

T]Iq( (.SEC) IX I.E-|61

(B]

7.21

_, 3-6J I
c;

: i
-1.71

-3.41
.lib

1-

.5B ).BB

T[HE (SE() iX ),(-BBI

(C)

]2,61 T

6.38"

-3

-7. _- "_-
.M .SD I,M

TIME (SEC) IX ].(-HI

(D)

Figure D.33a X,Y,-Z;Q = -1/2 Qm; E = 1.5 x 105 Volts per meter

D-56



+]
. 471.

q_

_ .-

|.74

-1.X
.11 .m J.B .m

T_ tSLr_ IX 1._.N!
(C

,7.

..-I

.S/

TIM[ t5_C) IX 1,8-1m

1.m

1.24

+ 1

-1.$4_-
m ,SII 1. M ,M .511 I,M

TI_ r3L,_ Ix l,E-n! TItlE CS_Cl IX I,[-JIC
{li! _]

Figure D.33b X,Y,-Z; Q = -I/2 Qm; E : 1.5 x 105 Volts per meter

D-57



7,,91

i 5,1

2.g

.111

-oSll
.M

. AJ
|

.g
TIHE (SF.G IX 1,E-HI

(AI

2.J!

|,

ii
J..... a/I

ql ._:_ - : ul i

.B .$| J,B

m!

2.68

1.12

.U

|

-,ll_
.m 1,1111

!

.$11 X,m .SJ
7l!_ (,q(D IX l.(-n! TIHE (SI_C] IX I.(-H!

|C) (l))

Figure D.34a X,-Y,-Z; Q = -I/2 Qm; E = 1.2 x 105 Volts per meter

D-58



3BII. 1 , 15"2.M

1SII. ili 76. i!|

_ .e.. 1 - .m:

-121_oBl -6B.BJ

_A

-2,tB. _ ' ' -12B. ¢'_ '
.BB .SB J.BB .BB .5Jl

TIHE (SEC) {X I.E-B61 TIME ($EC) IX I.E-II6!

(El (F)

U'l

P_.

..I

E
i

a_

.B;

-9_. BE

J

-lSJ. Bt,
.Bil .SJ! I.BB

TIME (5ECi IX I.E-II6I TIME (5EC) IX I.E-II61

(El iN]

2BB.B!

IBII._

-J2B.JIB

-24B. BB
.BI .Sll 1. BB

Figure D.34b X,-Y,-Z; Q = -I/2 Qm; E = 1.2 x 105 Volts per meter

_ ._ _'_
OF POOR QLJ/_ F, D-59



J.l?

.TB

.3_.

.,BJ
.H

2.21

-.13

5.6B

" - :_: -_- -1.94

.Be .511 I.BB .H

TIME iS(C) IX J.E-B6)

(C)

.5B loBB

TIHE (SE() IX 1.(-116l

(D)

Figure D.35a -X,Y,-Z; Q = -I/2 Qm; E = 1.5 X 105 Volts per meter

D-60



. lib ..Se ). Illl

T[I'I( (SEC] (X I.E-B61

I(i

t I

.511

TIME (Sl[I:I IX 1,(-]61

(F1

l.nn

142,m

71.m

-12e.m

2_.Ol

12B. Illg

-76,JlJ

' -1S2.8:
,_e ),m ,Im

T|I_ (._C) |X I,E-II6!

|

-;;; ....

L,,

.51 ].m

TINE l.q(l:l IX 1.1_-ItBi

(HI

Figure D.35b -X,Y,-Z; Q = -1/2 Qm; E = 1.5 x 105 Volts per meter

D-6I



:21. m , (5. DIS

!
I

r_

.K

i

TINE _EC) (X 1.E-BE)

iR!

).M

w

/

I'-

3.BI

.J_

' -2.6J
Q

/ _A AA

I

,5B

TIME IS(() IX 1.EoHI

(B,1

1.JW

6.6/

i 3.3f

-l.2Jm

r_W_vA _ -

5, 6r

-3. ]JD

' -6,2J
. SJ 1. H .m

TINE (5(C) IX J.E-JGI

(C)

,VVV -v I

,S! I.BB

TINE IsEr] IX J.(-16|

(D)

Figure D.36a X,Y,Z; Q = -I/2 Qm; E = 1.8 x 105 Volts per meter

D-62



i i

CEl IF|

..I

1. 1.114

• Pll .5P I. lib . H . Sll 1. JJ

tlPIE (SECI IX I.E-J61 TrME fSECI (X |.E-JI61

(G) I1"1)

Figure D.36b X,Y,Z; q = -I/2 Qm; E = 1.8 x 105 Volts per meter

D-63



1.17

, d |

.SB ].m

T[KE (SEC) (X 1.[-861

(RI

.8,

.n .U I.MI

TIME (S[O IX ].E-HI

(B)

3.4,,"

1.71

c;

_ . BI
!

-. BI

!

?

1.61

1.1;

.56

.B_ _: _

-. 27
!

I

.5e I.BB .5Jl

TIHE (S[C) IX 1.1[-BOi TfK[ (S/CI (X l.[-JlSl

(l:) (D)

].U

Figure D.37a -X,-Y,-Z;Q = -I/2 Qm; E = 1.5 x 105 Volts per meter

D-64



.M .Sa ).m .m ._ 1.M

T_ (S_ (X 1,(-.8e! TIN[ _C) IX 1.5-B]

t[] (r)

.H .SI I._ ,m ,$| l.n

T_t[ (_;ECI (X ],(-16) TI_ [SL_3 (X 1.I-n)

(G) IH)

Figure D.3?b -X,-Y,-Z; Q = -I/2 Qm; E : 1.5 x 105 Volts per meter

D-65



2].111

_4.117.11

.m

I

.Sll

Time _ (X ].(..,,IISI

I111

].lib

e,l_

3.1

i +
o2.U

...S,,:

+

I

lIB .Sl
TIHE |S(CI IX i._n)

m)

l.ea

IS.III

3,41

,N

-2oM
.JIB

-7.. N •

",S. 81_ *
._ l.JUl .lla .Sll

TII_ (S_C) (X I.E,Jill] TII_ ISI'CI IX ,I.E..I_)

tCI IDI

1.118

Figure D.38a X,-Y,Z; Q = -1/2 Qm; E = 1.8 x 105 Volts per meter

D-66



i
N

u1

t-

.,I

O
O

.7_

.R

.58

TIME (SEC] (X 1.E-It6)

IEI

,1.BB

fF]

I.
U.I

,..q

w

t¢I
%.

..I

I--
0

I

.5li I.BB

TIHE [SECI IX I.E-II6I

IG]

I

X

U"I

:If
I:

I=I

•98

.49

-.61

.SB

TIHE [SEC] IX I.E-B6)

(HI

I.Bi_

Figure D.38b X,-Y,Z; Q = -1/2 qm; E = 1.8 x 105 Volts per meter

D-67



1.29

_, . Bf

c;

i °
Q

I

!

J,
.SB

TIME (SEE] IX J,E-B6!

|R]

). M

Q

I .7!

!

oE:

-.IS
.M

V
.$11

TIME 15EEl IX I.E-B6I

I.B!

(B]

96B. Be

i 64B. BB

32B. BE

>_,

I
C:l

• Bi

. BE

!

• SB J. BB

TIIIE [5EEI IX I.E-B61

rE]

5.4B

3.6B

I. 81

-l. 7£ l
.lib .SIl

TIIqE (SEEI IX I.E-II6]

(D)

I.BB

Figure D.39a -X,Y,Z; Q = -1/2 Qm; E = 1.6 x 105 Volts per meter

D-68



• U .SJ JoH .M .5B I,H

TiIIE (5(C) (X 1,(oBG! TIH(|S(C) (X l.(-frG}

((! (F)

9J.JB

4_.m

>.

-64" 1

-16B.
.H .SB I.H

TIHE (_'EC) (X 1,E-B6)

tG)

J74.J_

Figure D.39b -X,Y,Z; 0 = -1/2 Qm; E = 1.6 x 105 Volts per meter

D-69



!

.... • |

.SB J.Bg

TIME (SECi (X J.E.-BBI

IFII

5.4.B

3.BJ

i 1.8£

.B£

-.3C

I

a

i

i
.SJ ], Iml

TIME ISECI iX ],E-ql61

IB]

3,2J

i +1.6e

i -°
-,S2

-|.24
.M

I

t

.SiI loJB

TINE (SEE) IX 1.1_.-llSl

rE)

J.!

i .7,

-:E

!

.M .S|

TI'I_ ISECI IX }.E-JI6]

ID)

1._1l

Figure D.40a -X,-Y,Z; Q = -I12 Qm; E = 1.6 x lO5 Volts per meter

D-70



ORIGINAL PAGE IS

OF POOR QUALITY

-%

..J

g
c_
i

185. Bg

53._

• B."

-85. BB

• SI! 1. BB

TIME [5El:! IX l.E-II6!

IG1

22B.BB

[HI

Figure O.40b
5

-X,-Y,Z; Q = -1/2 Q ; E = 1.6 x 10
m

Volts per meter

D-71



23.711

]5.

";.gl

Q

&

.M
/

S. 6i

2.111
. B£

I-..

c, -2.JBI

,./--.-,...__

/

-4.BE
.5J! ],,BE .H ,5B

TIHE |SEE) (X ],E-Hi TIPIE (SEE] IX 1. E-16!

il:ll IB]

I.H

S. 41

3.6J

c;

/

4.SJB

I:

-I.91

/

' -3, OJ
,5J I.BB .JIB .511

TIME I'.S_E] IX ].E-K) TIHE ($ECl IX I,E-HI

fC) fO]

I. M

Figure D.41a X,Y; Q = -Qm; E = 3 x 104 Volts per meter

D-72



-', 7| -54ft. !
• M ,SJ ].M .H .$J J.B

T_ _ CX I.[-Mi TII_ CSEO iX 2.(-liSt

rE] iF]

Figure D.41b X,Y; Q = -Qm; E : 3 x 104 Volts per meter

D-73



23.7J _.... S.U

!
_S,M

7.11-

..R

*].1_
.H

J
i

.U ],D

i 2,U

-4ol
.J .SO ],R

TIN[ C_ _X _,G.JS]
m|

$, U

! 3.8J
2.a

-].7|
.N .SII J.H

TIN[ CSEL')IX !. IC-B!
(C')

/

-.3, BIF-
,H .SI ].n

TT/_ _ IX I,[-Hi
(O!

Figure D.42a X,-Y; Q = -Qm; E = 3 x 104 Volts per meter

D-74



J.16

i .58

J

_ -. 4|

, 6BII.H

3H. BJ

.5ll

TitlE (5EC) (X 1.E-jHI

[E]

-S2B, B_
I.BJ .1_ .511 1. BI_

Title (SEC} (X 1.E-If6]

(F1

IG'I

l"-

iP-

74B. l_e

3711.Be

-4_Jl.BE

.511 ,1.gg

Title tSEEl IX 1.E-I!61

|H}

Figure D.42b

4

X,-Y; q = -q ; E = 3 x 10
m

Volts per meter

D-75

ORIGINAL PAGE IS

OF POOR QUALITY



.H .5ll J.BB

T[HE ($(() IX l.E-J61

(B)

1.23

-- _. 2.4B

!-.12
.H .5J I.BB

TIHE (SEC) iX ).(-JlSl

(el

7.2le !

-1.5_
.H .5B

TIME ISE() IX 1.(-116)

(D)

).Be

Figure D.43a -X,Y; Q = -Qm; E = 2 x 104 Volts per meter

D-76



IJL"[.. 'I 1 _'" l

-64.

-47.

-) 28, _ _ "J -94. BJP- _ ""
.JMI' .SB I.M ,lib .SJ ).B

T|HE L_'C) (X I.E-B61 Title (SEC] [X 1.E-B6)

IE! {F}

"3H. B ' -ISB.BB
,BI! .SB ].lib .m

TIME {SEC! IX J.E-JI6!

(GI

m

.SIl I,BJ

TIHE ($[(l iX ].(-116l

{HI

Figure .D.43b -X,Y; Q : -Qm; E = 2 x 104 Volts per meter

D-77



J.14

.70

.38

.N

I

.Se ).Be

T[pIF (._C) (X 1o[461

IA!

1.54

+77

w

.Ell
I

.5D

T_( L_I:] IX ).[-l161

(a)

)°l.t

4o_Je f

2.1J

- ]
. .z Ii ,

-.79- -

-1.,51
• H ,5J ].M

TIFIE (.S(() IX l.(-JmG)

IC)

1.50

_,, 1.04

.iJ "
.ell

I

.SB I.IW

TIHE IS(l:) IX J.F'-116]

(D)

Figure D.44a -X,-Y; Q = -Qm; E = 2 X 104 Volts per meter

D-78



]4B. B_- "-r--r , 1 32B. Jl_ T

711.

-111. _ -::: _:: I_'_'

._J. I_ .I$6.B._
.BB .5B I.B_ .BB .SI I.B8

TIPIE |SECI IX J.E-JI61 TIHE LSE'I::) IX 2.E-JI6)

fg| (Hi

Figure D.44b -X,-Y; Q = -Qm; E = 2 x 104 Volts per meter

D-79



6.00

2.iN

.U .50 ).M

TIH( (.S(C) (X t.tr-H!

(R!

1.65

. l. lJ

.i_: •

--0 4_,

°M

!

.5J l.m

TIN( I$(() IX ].(-JGI

fO)

1.35

.IS:

A
.5J

TItlE [sEr) IX l.(-fG)

(C)

6.c_

4._

.ftl

-1.7
I.BB .m

I

r
1

I

.SO

TII_ (5E(! iX 1. (-_!

if))

I,PP

Figure D.45a Y,-Z; Q = -Qm; E = 3 x 104 Volts pep meter

D-80



221f.M

l)J.m

-.1_° I

-;7JI.Jll

OF POOR QUALITY

IIM,.IM

-_l.m

----L--.------. --84. llJ
,n ._ 's.m .JW

TIpIE L,_I (X 1.[.-N!

tC

I

._;I 3.Jim
TII_ (SI[C) tX I.[,-JI0)

It)

Figure D.45b Y,-Z; q = -qm; E = 3 x 104 Volts per meter

D-81



eom T -I 2o_ ,

,JU ,g .t.m ,m ,51 I,m

T|J_ (.._..1 IX 2.E-4111 TIM( [.SEC/ IX ],r,.-N!

KA! WI

].X

-t.1¢
,m .9 ).Jug

TIM( KS(ICI IX J. E-HI

(C)

2.c_

i _.3J

"i
O,B_

,BIg ,Sll i,IUl
'Till[ I.._'Cl IX ],[-I16)

U))

Figure D.4Ga -Y,-Z; Q : -Qm; E : 3 x 104 Volts per meter

D-82



22B.Bll

llf.J_

-86. BE

, 192. P.,=

96.1_

i .B:

-99. BE

-198. B-"
.SB

T[HE (5EC) (X J.(-B6)

(E!

I.JIB .BB .5ll ).JOB

TIHE (5E() (X I.E-B61

(F]

Figure D.46b -Y,-Z; Q : -qm; E = 3 x 104 Volts per meter

D-83



llt2B.m

,A
m-a

6a.M

i 3nd_.llll

Q

!

j.
• SB l. 8B

TIME CSEC} IX J.E-B61

" (RI

76B.r.

m_

388. _B

i . B:

-17B.B£

-34B. B_
• J_B

ii

f
• SI 1. BE

TIME (SEC] (X ].E-B6)

{B3

I
bJ

m.q

x

!-

c;
u l

.J

I'--

I
c=

fC)

E

itl

w

?

6. BE

4. B_

2. i_£

• 8g

-1.3_
• 8g .Sll

TIME CSEC! IX l.E-B61

[D]

l.R

Figure D.47a Y,Z; Q = -Qm; E = 3 x 104 Volts per meter

D-84



I

I

.58 1,M

Till( (S(C) IX 1.(o|6)

(G] Iml

Figure D.4?b Y,Z; Q = -Qm, E = 3 x 10 4 Volts per meter

D-85



JB2B.H I

6U.m

J
.U ._ l.Be

TIME (5EC) IX 1.E-HI

IRI

l, ll

,M

J

.Sf

TitlE: (5(E! IX 1,1E-16)

iB)

).JB

3.4J , l.l_

loTJ

/ i
-,61,

-1.22 -.23
.Be l.Be.SI

Tilde (S(C) IX l.(-J_61

(£)

I

,- --. ..... _ v

,BB .Sil J.m

Title (SEE) IX l.E-J61

(D)

Figure D.48a -Y,Z; Q : -Qm; E : 3 x 104 Volts per meter

D-86



i3"L i
-78. 1

-liB, lUF- _ -15"2. _ .J.a___
.Ill ,51 J,II ,Ill .Sll J.BB

TII'IE {.SECI (X |.E-Bill TIME ($l['l iX I.E-IIB!

IEI IF]

]2B.B

6B.

-|72. BIF
.BB ,5B I,BB

TIHE |SEC) IX I.E-B61

IGI

e.-

0
I

I1

22B. BJ

mA
• ul.

-4S.H

I

,SIl

TIME l._'_Cl IX I.E-illSI

1. BB

(1.11

Figure D.48b -Y,Z; Q = -Qm; E = 3 x 104 Volts per meter

D-87

_'_ _'_ CjUALITY



2S.IJ

17.

i 8.7J

6.2_

3. lJ

-2. 4_ -

-2.2/ , V -4, fig
.m oSJ! J.BB .B

TIIqE (5(() (X),E-n)

IFII

|

.S|

TIME ($((] IX l.l[-JlG]

(8)

l.J,I

.M .SII I.JB .B .5ll ].Bi5

TIME IS(C] IX ),(-BG] TIHE /SE(I (X I.(-BGI

(1:1 (D]

Figure D.49a X'-Z; Q = -Qm; E = 2 x 104 Volts per meter

D-88



3.22 , 711Bo

-; +k_J 1o. I V-
.6M.

,llll ,U ),III .a ,Sll I,M

TII4EI._CJ IX I,(-MI TII_ I_D IX l,(-nl

l(I iF1

&

1181.M , .114

4,111,m •

.K

i'll

l:l

I;
IL'I

.l.

.K A

-TH.Ill ' +l.I '
,BII .SI :l.m ,Jill .Sl

Tilt((!ill() IX t.(-llG'1 TIME UII£C) IX X,(-llGI
IC 1111

/k,, _

I, llll

Figure D.49b X,-Z; Q = -Qm; E : 2 x 104 Volts per meter

D-89
C+k++,+,g: _ +++ ;./: _-_

OF POOR QU2LITY



! "

$.1!

].7|

.E

-,l.3J

B.tUD

I I *
t , -_4J

.m ,SJ ]..M ,m .SJ 3.m
"tim[ _ IX l.[-Illi! TIle' 12l:l IX l.l_.HI

IC] U_]

Figure D.SOa -X,-Z; Q : -Qm; E : 5 x 104 Volts per meter

D-90



220.J

1If. Bf

- 14B. B£

-28B. 8J
.BE ..5_ 1.BB

TIME (SEC] (X ].E-B§I

(El

!

- 4.BB.BI

• BB .511

TIHE (SEC) (X I.E-BB!

[Fi

1. BB

..J

!

2611.BE

]3B.BJ

-14B. Bl

ii

I

I

.5B I.BB

TIHE [SE(I IX I.E-B6)

,%

a-

e-,

3BB.B£

15_.8E

. BE

-13B.B_

.5B I.BB

TIME IS(C) IX J.E-B6)

[G| [HI

Figure D.50b -X,-Z; Q = -Qm; E = 5 x 104 Volts per meter

D-91



33.B! T 8.4_ ,

JI.BJ

I--
Q
c2

.H

-3.M
.H

TI'IIE [SECt (X I.E-B§I

[gl

i 4.2_

..J

tr
I--

I
Q -2.

-S. 6£
• BB

I

.SB

Title (b_[! iX 1.E-B6)

IB]

I.BB

71
3.6t

-l.3J

-2.6
• M .SB I. BB

TIHE [SECt IX I.E-B6)

[C]

5.6B

i .Jgi

-2. _

.5B ].H

TIH[ (SECI IX I.E-B6]

[D]

Figure D.51a X,Z; Q = -Qm; E : 5 x 104 Volts per meter

D-92



1• 4_ , 660. n

.71,

-.- /
.Ill .f_

TrN_ tSEO tX I,F.-.B6)

IE)

).Jm

43a.H

-3BB. Ill

--6M.lm
.lIB

I |

11!
.5B 1.B6

TIME fSE() IX J.E-B6I

(Ir )

(;1

1.12

g
x

-.S_

!

.$ll J.fle

TIME (SEE) IX I.E-BGl

IH)

Figure D.51b X,Z; q = "qm; E = 5 x 104 Volts per meter

D-g3



_.2_ IB, r..._m

,SB I,BII

TLNE (.SEE] (X :I.l_-B61

(RI

7,m

3,5J

.K

-1.7.,"

J

,5J

IB)

IoM

3.M

i 2.U

i 1.3Z

--, |

|

i

6.S,_

i 4.6!
2.3J

a,,

I

+ -1.2
.SB ).JIB .IeB .511

TIHE (5(C) iX J,f-HI TII'IE 15EC1 IX I.[-|11

ICl 10)

.t.J.!

Figure D.52a -X,Z; Q = -Qm; E = 5 x 104 Volts per meter

D-94



[F)

228. J_!

]|B.JE

-IlB.I_

• 5_ l. lib

TIHE (5"EEl IX l.E-II61

[GI

iI_.BB

m

-14,.il, JIe

-28B. IlJ , - I

.BJ .SB I.H

T_E (SEE) IX I.E-I_I

Itll

Figure D.52b -X,Z; Q = -Qm; E : 5 x 104 Volts per meter

D-95



23olJ

JS._!

7.71

TIME [$EC) (X .T.E-,O61

U:ti

2,61

-J.9_

I

.S|

TIHIE (SCC) IX .lo(-ni

IOI

). M

3.6B

d

1.88

i

.SJ! ].B

Till[ IS_'C) IX J. (-1t6)

ICI

al

O.Ol_

.N

AJ

1
!

.$8

T tHE L_(i IX ]. E-II61

IDI

I.JU_

Figure D.53a X,Y,-Z; Q = -Qm; E = 3 x 104 Volts per meter

D-96



,.ell ,Sl ].H ,lib ,SII l.m
TII4E (._.C! IX ],E-HI TINE (-_E] OC1,E-lie1

IEI IF]

(i)

748,

3"?D,m

.K

-._B. JlJ

.S|
Tn'IE L._EEI IX l.E-Jt53

(_

Figure D.53b X,Y,-Z; Q = -Qm; E = 3 x 104 Volts per meter

D-97



,lg -
-IoSg

,R

(RI

, | | .

I

.n

V

1
ml

4.|

-_.TJ

Figure D.54a X,-Y,-Z; Q = -Qm; E : 3 x 104 Volts per meter

D-98



.t.

N

x

trll
-%

_.P

Ul
]¢
(:3
.J

I--
Q
¢:_

1.32

I
.Ss

-. 3_

_ .,w_,__ v

r V"

• 5B

TIME (SEC! (X 1.E-B6I

[El

S2B. BIB

3lB. H

-i .N

-2711. B8

. / A

_/ VV V ..vT

.5B .I.BB

TIME [SEC| IX I.E-B6]

[F]

,%
t-

,-I

"o
J

7pB.

39B. BB

.J;:

-3] g. g_

lrt

¢1¢

_o
!

03

"/48. B£

37B.BJ

-48E. BB

-SSB[_
.SB ].BB .BB .SB

TIME [SECI IX I.E-B6] TIME (5EC] iX 1.E-B6]

tG] tH]

I. BB

Figure D.S4b X,-Y,-Z; Q : -Qm; E = 3 x 104 Volts per meter

D-99



99B.B_

66B. BE

33_. BB

d,
..... k J

I

,511 ]. BB

TIME (SEC| iX 1.E-B61

iRI

84B.BB

4211.m

.B£

-17B.B_

-34B.B,
.BB

i
_ i

ri

,GII

TIME KSEC! IX /.E-liB!

(B]

]. lib

96B. BJ

i 6 4B.BB

_2B.Bs

=,

-12B. B,:
.lib

6.3£

4.2.E

2.1_

-1.4e
• 5B ]. BB . BB

TIME (SEt} IX J.E-B61

(C1

!

.511

TIME {$ECI IX I.F-II61

(D)

I.BB

Figure D.55a -X,Y,-Z; Q : -Qm; E : 2 x 104 Volts per meter

D- 100



96.m

I--'

A
.J

49._

-S7.m

....... r..

i 44.m
.J_

|

.SJ

TIME (S(C) (X .1.E-BGI

((I

-3S. 13!

].JJ .M

--rT---

!

L

.5J

TIME (SEE) (X I.E-BG)

(F!

1. BJ

l JIB._!

54.BJ

.J

Q
!

m -lBB.,191

.SJg

TIME (S(C! (X l.E-16!

(G)

17"2.JSJ

66. J_!

_ . BII

--64. BB

-_2e.me
1.JIB .H .$11 l, I_l_

TIME ($(() (X I.(-IYGI

fK)

Figure D.55b -X,Y,-Z; Q : -Qm; E = 2 x 104 Volts per meter

D-101



21.3_

?
Q

.n

-2o2e
0DB .5B ]. B8

TIH_ (.S(() (X 1.E-B6)

(RI

I,-

I-
0
Q

&

5.8i

2,_

-1.8B

I !

't

.50

T file ($E() IX 1, (.-1161

(B]

1.gg

,..,I

_o
?

2.. c:_

-1.6E
.I_B

!

!

.$B

Title (SI_() (X ).(-K!

(C!

IoBB

?

7.6J

3°9B

.K

-l. 4£

-2.m
.1_

Figure D.S6a X,Y,Z; Q = -Qm; E = 5 x 10 4 Volts per meter

D-I02



9611.lie

441B.R

.IBE

-37B. n

I

• SIl

TIME (5EC1 (X 1. [-1161

IE1

].all

56B. lie

28lh IlJ

-2III.BI_

-42B. 11
.lib

!

^k __

.5B l.Bm

TIM[ (_'E[1 IX |. 1-161

(FI

..,J

!

-29J. BE

J

|

.SI

TIME {5EC1 {X ].E-B61

{GI

i,-

:m
w

¢,,z
)

_Q

728. BB

36B. BB

-41B._

l.gg ._

!

| v _ r

. SJ 1. BB

Title (5E[I IX Z.E-B61

IMl

Figure D.56b

4

X,Y,Z; Q =-Q ; E = 5 x 10
m

Volts per meter

D-103



c_l, B! , 1,_

o6J

-.24

.$0

TIME fS(O IX ].E-HI

(BI

3.BB

3. 4_

1.7B

c_

?

-.TE

/
I--
0

?

].23

.82

• 4]

' -.27
.SI! ].n .BB .SS

TIHE {SECl IX |.F'-B6! TIME ($E(! IX ].E-J§I

[C) (0]

,I.BB

Figure D.STa -X,-Y,-Z; Q = -Qm; E = 2 x 104 Volts per meter

D-104



I !
_72a _ '

•B ,.S_ 3. .m •

T[I_ (SLrC|1iX1,_-,B6] TII'_ (.._C) IX 1o[-B'61
(E] (Ir]

4

Figure D.5?b -X,-Y,-Z; Q = -Qm; E = 2 x 10" Volts per meter

D-105



21.U
| s.eJ

Ipm

Figure D.58a X,-Y,Z; Q = -Qm; E = 5 x 104 Volts per meter

D- 106



C3

.J

Q

98B.BJ

49_.BB

-3U. BE

56B.BB

2U.B_

t

0

d,

-2BB. BJ

J.aB ,B_ .SB ].BB

TIME (SEC] (X l.E-II61

i--

:m
..J

p,.
C)
CI
!

7BJ.BB

35B. _e

-3BB. BB

J :1
e_

t-
O
C=

!
,n

71lB.BE

3S_. J_

• Br,

-4BB.BB

' -eBB. B£ '
.SJ_ ,1.JIB .BB .5B

TII'IE CSEc! IX I.E-B6! TIME (SEC) IX 1.[-l!6]

tG) (1t)

.i.BB

Figure D.58b X,-Y,Z; Q = -Qm; E = 5 x 104 Volts per meter

D- 107



96B.BJ

6_.M

:_2B. 11!

.B_t

.BJ

. A. J •

• 5B

TIIIE (..,cEC] (X ,1,E-B61

(R)

].BB

72B. I_

78B.B£

S2e. ee

26B. BB

&

I 5.7B

3.8B

1. gl

i -1.4£ i
.SJ! ].Be ,BB .5J

TIME (SEl:) IX J,E-B6I Till( (SE(] IX ,l.(-J16)

(C) (D)

1.Be

Figure ,D.59a -X,Y,Z; Q : -Qm; E = 2 x I0_ Volts per meter

D- 108



U._ , . ]B4o I1_

; i 52.i .
I

-37.
-3]. II

-74. -62.
.BB .5ll J.BB .BIB .511 J.IIB

TII_ [SEE) IX 1,E-I161 T|I'IE (SEE) IX ].E-K1

IE'] IF)

44. B|

.l:i ........ _l il . 73,H

-IIII.BJ

-52. llJ

-2211. B, - -lll4.1m
.BB .5B I.BB .BB .SB |,BE

TIHE 15"EC! IX I.E-B61 TIH[ ISEC] IX |.[-BSl

(;1 (N!

Figure ,D.59b -X,Y,Z; Q : "Qn,; E = 2 x lO _ Volts per meter

D-109

ORIGINAL PAGE IS

POOR QUALITY



t

i 37Jo B!

&

i .5,

7

,51 l .B

TIME ($(() IX l.l_-J61

(AI

• _ -.S
.H .B8 .SB ).B

TIME (5((:) IX ).F-m6)

IB)

3.3£ I.BS ,

• I

-.71
• H . SII 1. H ,D . Sll ], BB

TIME (SEe) (X l,E-,l161 TIME ($E'() IX I.(-B6)

(C! fD)

Figure D.60a -X,-Y,Z; Q = -Qm; E = 2 x 104 Volts per meter

,i

D-110



((I

l 1B._95 '2"2J.B_

SS.BB

_ ._

-71. _

-$3.Bf

-j42._e
.BB 1.BB.SB

TIHE (5EEl _X I.E-B6!

IG)

!

-,IJS.JJ
.BS .5J l._

TIME (SEE) IX 1.E-861

(H9

Figure ,D.60b -X,-Y,Z; Q = "Qm; E = 2 x 104 Volts per ,,eter

D-Ill





APPENDIX E

PARTIAL PRINCIPAL ANGLE OF INCIDENCE PARAMETER STUDY

The plots in this appendix are replacements for part of the principal angle of

incidence parameter study published previously in Reference 5. They were

generated on the NASA Langley VPS computer. The cases were redone

because of uncharacteristic results calculated in the original study.
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